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EDITORIAL 


CRISPR’s unwanted anniversary 


here are key moments in the history of every 
disruptive technology that can make or break 
its public perception and acceptance. For 
CRISPR-based genome editing, such a moment 
occurred 1 year ago—an unsettling push into an 
era that will test how society decides to use this 
revolutionary technology. 

In November 2018, at the Second International 
Summit on Human Genome Editing in Hong Kong, 
scientist He Jiankui announced that he had broken 
the basic medical mantra of “do no harm” by using 
CRISPR-Cas9 to edit the genomes of two human em- 
bryos in the hope of protecting the twin girls from HIV. 
His risky and medically unnecessary work stunned the 
world and defied prior calls by my colleagues and me, 
and by the U.S. National Academies of Sciences and 
of Medicine, for an effective moratorium on human 
germline editing. It was a shocking 
reminder of the scientific and ethical 
challenges raised by this powerful 
technology. Once the details of He’s 
work were revealed, it became clear 
that although human embryo edit- 
ing is relatively easy to achieve, it is 
difficult to do well and with respon- 
sibility for lifelong health outcomes. 

It is encouraging that scientists 
around the globe responded by 
opening a deeper public conversation about how to 
establish stronger safeguards and build a viable path 
toward transparency and responsible use of CRISPR 
technology. In the year since He’s announcement, 
some scientists have called for a global but tempo- 
rary moratorium on heritable human genome editing. 
However, I believe that moratoria are no longer strong 
enough countermeasures and instead, stakehold- 
ers must engage in thoughtfully crafting regulations 
of the technology without stifling it. In this vein, the 
World Health Organization (WHO) is pushing gov- 
ernment regulators to engage, lead, and act. In July, 
WHO issued a statement requesting that regulatory 
agencies in all countries disallow any human germline 
editing experiments in the clinic and in August, an- 
nounced the first steps in establishing a registry for 
future such studies. These directives from a global 
health authority now make it difficult for anyone to 


“the temptation 
to tinker with the 
human germ line is 
not going away.” 


claim that they did not know or were somehow operat- 
ing within published guidelines. On the heels of WHO, 
an International Commission on the Clinical Use of 
Human Germline Genome Editing convened its first 
meeting to identify the scientific, medical, and ethi- 
cal requirements to consider when assessing potential 
clinical applications of human germline genome edit- 
ing. The U.S. National Academy of Medicine, the U.S. 
National Academy of Sciences, and the Royal Society 
of the United Kingdom lead this commission, with the 
participation of science and medical academies from 
around the world. Already this week, the commission 
held a follow-up meeting, reflecting the urgent nature 
of their mission. 

Where is CRISPR technology headed? Since 2012, 
it has transformed basic research, drug development, 
diagnostics, agriculture, and synthetic biology. Fu- 
ture CRISPR-based discoveries will 
depend on increased knowledge 
of genomes and safe and effective 
methods of CRISPR delivery into 
cells. There needs to be more dis- 
cussion about prioritizing where the 
technology will have the most im- 
pact as well as equitable, affordable 
access to its products. As for medical 
breakthroughs, clinical trials using 
CRISPR are already underway for 
patients with cancer, sickle cell disease, and eye dis- 
eases. These and many other future uses of genome 
editing will involve somatic changes in individuals, 
not heritable changes that are transmissible. But the 
rapidly advancing genome editing toolbox will soon 
make it possible to introduce virtually any change to 
any genome with precision, and the temptation to tin- 
ker with the human germ line is not going away. 

The “CRISPR babies” saga should motivate active dis- 
cussion and debate about human germline editing. With 
a new such study under consideration in Russia, ap- 
propriate regulation is urgently needed. Consequences 
for defying established restrictions should include, at 
a minimum, loss of funding and publication privileges. 
Ensuring responsible use of genome editing will enable 
CRISPR technology to improve the well-being of mil- 
lions of people and fulfill its revolutionary potential. 

—Jennifer Doudna* 


*J.D. is acofounder of Caribou Biosciences, Editas Medicine, Scribe Therapeutics, and Mammoth Biosciences; scientific advisory board member 
of Caribou Biosciences, Intellia Therapeutics, eFFECTOR Therapeutics, Scribe Therapeutics, Mammoth Biosciences, Synthego, and Inari; and 
director at Johnson & Johnson. Her lab has research projects sponsored by Biogen and Pfizer. 
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CONSERVATION 


Brazil supports sugarcane growing in Amazon 


razil has reopened the door to expanding sugarcane 
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be environmentally sustainable. Brazil is already the world’s 


plantations in the Amazon, even though it is difficult to 
grow the crop there. Scientists worry the move will in- 
crease deforestation and harm biodiversity and carbon 
sequestration in the jungle. President Jair Bolsonaro, 
who has pushed for more economic development in the 
Amazon, on 5 November revoked a 2009 agricultural zoning 
plan that prohibited public funding for sugarcane production 
within the Amazon region, where low yields increase risk for 
private investors. But Bolsonaro’s administration says the ban 
is unnecessary because other laws require that the cultivation 


largest producer of sugarcane, with approximately 10 million 
hectares of cane fields—only 1.5% of which are now in the 
Amazon. The region’s extremely humid weather and poor soils 
are not ideal for popular cane varieties, and studies indicate 
that Brazil has plenty of room to expand sugarcane produc- 
tion elsewhere without competing with other types of food 
production or conservation. Japan and European countries 
import Brazilian ethanol, a fuel produced from sugarcane, on 
the condition that the cane is grown in an environmentally 
sustainable way. 


Top Russian institute raided 


STATE SECURITY | A premier Russian 
research center has become ensnared 

in an escalating crackdown on scientific 
contacts with the West. On 30 October, 
personnel with Russia’s Federal Security 
Service (FSB), wearing masks and toting 
machine guns, descended on the P. N. 
Lebedev Physical Institute in Moscow, 
seizing documents and interrogating its 


director, Nikolai Kolachevsky, for 6 hours. 


Security agents also raided his home and 
extracted a written pledge from him to 
not leave Moscow. FSB’s apparent target 
was a small optics company that leases 
office space from the institute and had 
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allegedly exported “military grade” glass 
to Germany. The 85-year-old institute, 

a crown jewel of the Russian Academy 

of Sciences, counts among its alumni 
famed nuclear physicist and human 
rights activist Andrei Sakharov and Vitaly 
Ginzburg, who won the Nobel Prize in 
Physics in 2003 for his theoretical work 
on superconductivity. 


NIH to broaden data policy 


FUNDING | The U.S. National Institutes of 
Health (NIH) proposed last week requiring 
all research grantees to make their data 
sets available to colleagues, broadening a 
policy it adopted in 2003. Grant applicants 
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would need to submit a detailed plan for 
sharing data, including steps to protect 
research subjects’ privacy. NIH program 
officers would review data sharing plans 
before awards were made and would fol- 
low up; investigators who didn’t comply 
might be denied future funding. Under the 
2003 policy, such rules apply only to NIH 
grantees receiving more than $500,000 in 
direct costs annually. The agency will collect 
comments on the proposed policy through 
10 January 2020 before finalizing it. 


Repairs for space detector 


ASTROPHYSICS | Astronauts plan to begin 
spacewalks this week to repair the most 
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expensive cosmic ray detector ever built. 
Fixed to the International Space Station 
since 2011, the $2 billion Alpha Magnetic 
Spectrometer (AMS) tracks charged par- 
ticles from space using an array of silicon 
wafers somewhat like light-sensitive chips 
in a digital camera. Three of four pumps 
that keep the wafers cool with liquid 
carbon dioxide have failed. Astronauts 
will replace all four during a series of 
four spacewalks. The brainchild of Nobel 
Prize-winning particle physicist Samuel 
Ting, the AMS has recorded anomalies in 
the flux of antiprotons and positrons that 
could point to particles of mysterious dark 
matter annihilating one another. Some 
researchers doubt the AMS can settle the 
issue, though. 


lran’s civil nuke work continues 


NONPROLIFERATION | International 
projects to develop civilian uses of Iran’s 
nuclear facilities are expected to continue 
despite the government’s announcement 
last week that it will resume enriching ura- 
nium at its underground Fordow site. Iran’s 
move is a further blow to the multilateral 
agreement reached in 2015 to deter it from 
pursuing nuclear weapons. On 6 November, 
Iran said it will use 696 centrifuges at 
Fordow to enrich uranium hexafluoride gas, 
producing material with a level of the fissile 
isotope uranium-235 suitable for com- 
mercial power reactors. (Weapons require 
a higher level of enrichment.) So far, the 
U.S. Department of State is standing by its 
31 October decision to renew waivers to 
sanctions on Iran that allow key nonpro- 
liferation projects in the 2015 deal to go 
forward: a China-led effort to reconfigure 
Tran’s Arak heavy water reactor to sharply 
reduce plutonium accumulation in its 
spent fuel, and Russia’s work at Fordow to 
convert 348 centrifuges to make medical 
isotopes. But the waivers are only good for 
90 days, and some prominent U.S. legisla- 
tors are pressing to end them. 


United States sues over HIV drug 


PUBLIC HEALTH | The U.S. Department of 
Justice last week filed an unusual lawsuit 
against the drugmaker Gilead Sciences 
for not paying the government royalties on 
the sale of an anti-HIV drug produced 

by the company. The drug, Truvada, has 
proved highly effective at preventing 
HIV infection, a strategy called pre-expo- 
sure prophylaxis (PrEP). In influential 
studies of monkeys, researchers at the 
U.S. Centers for Disease Control and 
Prevention (CDC) showed in 2006 that 
Truvada worked in PrEP, for which the 
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agency received four patents. Hoping 

to bring down the price of Truvada, 
which lists at $21,388 a year per patient, 
critics have led a drive to push the U.S. 
government to enforce those patents, 
although Gilead challenged their validity 
in August. The company, based in Foster 
City, California, contends that CDC didn’t 
invent anything and simply built on ear- 
lier studies by many others that showed 
PrEP’s promise. Fewer than 200,000 
people in the United States take Truvada 
for PrEP, and usage could increase if 

the company dropped the price, Gilead’s 
critics contend. 


UC scientist union gets contract 


LABOR | Thousands of staff scientists 
employed by the University of California 
(UC) system, who in 2018 formed the 
world’s first union representing non-ten- 
ure-track researchers, voted over- 
whelmingly on 8 November to ratify their 
first contract. Members of Academic 
Researchers United (ARU) approved the 
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“| don't think he should be 
held with such honor.’ 


Yusef Anthony, a former prison inmate, 
in The Chronicle of Higher Education, 
about Albert Kligman, who conducted 
experiments on Anthony and others 
from the 1950s to 1970s. Kligman, 

a dermatologist at the University of 
Pennsylvania (UPenn), developed 
Retin-A antiwrinkle cream and other 
treatments by testing them on prisoners, 
many of whom blamed the experiments 
for burns and life-long physical ailments. 
UPenn, which reaped large royalties from 
Kligman’s work, named two endowed 
professorships for him. The university 
told The Chronicle that Kligman “was 
involved in research over 40 years ago 
that would not be acceptable by today's 
standards.” Anthony and author Allen 
Hornblum, who wrote two books about 
Kligman, are campaigning for UPenn 
to publicly apologize and make amends. 
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PUBLIC HEALTH 


A culprit in vaping injuries? 


“potential chemical of concern” has been detected in the lungs of some of the 
hundreds of people afflicted this year by vaping-related lung injuries, the U.S. 
Centers for Disease Control and Prevention (CDC) announced last week. The 
discovery is a step in solving the monthslong mystery, but CDC officials and 
outside scientists stress that more work is needed to definitively blame lung 
damage on the chemical, vitamin E acetate, a synthetic form of vitamin E oil added 
to many e-cigarette liquids as a thickener. CDC says it hunted for chemicals in the 
lung fluid of 29 patients with lung injuries; it found vitamin E acetate in all of them. 
Although the oil is common in foods and cosmetics, researchers believe that when 
heated and inhaled, it may be harmful; past research has suggested it can hurt 
the lungs. Since March, vaping-related lung injuries have struck more than 2000 
people in the United States and killed at least 39. 


3-year deal 2450 to 53. It gives salary 
increases of up to 24% and ensures 
retirement benefits, expanded sick leave, 
and travel reimbursement, as well as 
parking and transit services on par with 
what UC’s tenure-track faculty members 
receive. The contract also commits ARU 
and the university to working together to 
establish a bridge funding program for 
principal investigators covered by the 
contract; such a program would help 
support the salaries of researchers 
between rounds of grant funding. 


Texas cancer agency rides on 


FUNDING | Texas voters last week 
approved by a nearly two-to-one margin 
a ballot measure that extends the life 

of its pioneering state cancer research 
funding agency. The state can now sell 
another $3 billion in bonds to support the 
agency. Modeled after California’s stem 
cell research agency and first approved 
by voters in 2007, the Cancer Prevention 
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& Research Institute of Texas has so far 
recruited 181 researchers to the state and 
awarded $2.4 billion for research, cancer 
prevention, and commercialization. 


Scientists honored for bravery 


AWARDS | An Indonesian forestry expert 
and a Canadian pharmacist have each 
received the 2019 John Maddox Prize for 
Standing up for Science, the London-based 
charity Sense About Science announced 
this week. Bambang Hero Saharjo of IPB 
University in Bogor, Indonesia, has testified 
in hundreds of court cases about destructive 
peatland fires in Indonesia, often started 
illegally by companies such as palm oil 
producers attempting to clear land quickly. 
He persisted even after a palm oil 
company, Jatim Jaya Perkasa, sued him for 
$33.5 million in 2018 after it lost a court 
case in which he testified. (It later 
withdrew the suit.) The other honoree, 
Canadian pharmacist Olivier Bernard, 
publicly criticized health companies that 
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were lobbying the Quebec government to 
provide vitamin C injections as an alterna- 
tive treatment for cancer—a treatment 
with no clinical basis—despite harass- 
ment and smear campaigns against him. 
Named for a renowned editor of Nature, 
John Maddox, the prize carries an award 
of £3000. 


China funds many joint papers 


PUBLISHING | China and the United 
States are financially supporting joint sci- 
entific projects, but China is supporting a 
greater number, according to a study pub- 
lished last week in Higher Education. John 
Haupt and Jenny Lee of the University of 
Arizona in Tucson analyzed 175,665 journal 
articles published from 2014 to 2018 with 
co-authors in China and the United States; 
25% included a third country co-author. 
Many papers credited both Chinese and 
U.S. funding sources; of the 10 funders 
sponsoring the most articles, Chinese 
funders, most often the National Natural 
Science Foundation of China, were listed 
on 114,268 and U.S. funders on 32,730. 
Amid increasing U.S. efforts to curb 
research engagement with China, “this 
study shows the benefits of U.S. collabora- 
tion with China for both the US. ... and 
global science,” the authors write. 


Conflicts don’t rile reviewers 


PEER REVIEW | Even when authors of 
journal articles disclose financial con- 
flicts of interest, reviewers rarely lower 
the papers’ quality scores or offer com- 
ments in response, researchers reported 
last week in The BMJ. The researchers say 
the results raise questions about whether 
disclosure helps reviewers and whether 
they are adequately trained to weigh 

such conflicts. The experiment used 1480 
manuscripts submitted to the Annals of 
Emergency Medicine, of which a co-author 
of the BMJ study is editor-in-chief. One 
group of reviewers received information 
about authors’ disclosures. Each paper was 
also evaluated by another reviewer who 
wasn’t informed of conflicts—allowing the 
research team to compare reviewers’ qual- 
ity scores. Differences were insignificant; 
even So, reviewers said in subsequent sur- 
veys that they believed they could correct 
for biasing influences of conflicts when 
disclosed. Journals and funders typically 
require disclosure because studies have 
found that financial ties tend to produce 
results favoring the sponsors. 
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CHEMISTRY 


A new form of pure carbon dazzles and attracts 


Reflective, conductive, and magnetic, U-carbon could have many practical uses—if it’s real 


By W. Wayt Gibbs, in Richmond 


“happy accident” has yielded a new, 

stable form of pure carbon made 

from cheap feedstocks, researchers 

say. Like diamond and graphene, two 

other guises of carbon, the material 

seems to have extraordinary physi- 
cal properties. It is harder than stainless 
steel, about as conductive, and as reflective 
as a polished aluminum mirror. Perhaps 
most surprising, the substance appears to 
be ferromagnetic, behaving like a perma- 
nent magnet at temperatures up to 125°C. 
The discovery, announced by physicist Joel 
Therrien of the University of Massachu- 
setts in Lowell on 4 November here at the 
International Symposium on Clusters and 
Nanomaterials, could lead to lightweight 
coatings, medical products, and novel elec- 
tronic devices. 

Therrien’s talk elicited both excitement 
and caution among the dozens of researchers 
attending the meeting. “Once it is published 
and the work has been replicated by others, 
it will generate a lot of interest for sure,” says 
Qian Wang, an applied physicist at Peking 
University in Beijing. She notes that carbon 
is much lighter than other ferromagnetic ele- 
ments such as manganese, nickel, and iron. 
Moreover, carbon is nontoxic in the body, 
she says. “If it can be magnetic, it could be 
very useful for making biosensors or drug- 
delivery carriers” that could be magnetically 
interrogated or directed to diseased tissues. 


782 15 NOVEMBER 2019 + VOL 366 ISSUE 6467 


Robert Whetten, a materials scientist at 
Northern Arizona University in Tucson, says 
he’s “actually persuaded they have some- 
thing.” He recalls that in the mid-1980s, 
when scientists first created “buckyball” 
spheres made of 60 carbon atoms, “there 
was the same degree of skepticism, despite 
all the evidence.” But he also points out that 
past claims of magnetism in pure carbon, 
such as one published in Nature in 2001, 
have fallen apart when contamination was 
later found in the samples. 

The researchers have only made thin 
films of the material, which they have stud- 
ied with electron microscopes and x-ray 
spectrometers. “Much more characteriza- 
tion needs to be done,” says Pulickel Ajayan 
of Rice University in Houston, Texas. “We 
are trying to be extremely careful.” He and 
the other researchers say they have so far 
seen no signs of impurities that could ac- 
count for the properties of the material. 
Based on both theoretical models and the 
analytical data, they believe it consists of 
corrugated layers of linked carbon atoms 
stacked like washboards, with additional 
bonds between the layers. 

Sumio lijima, a nanomaterials expert 
at Meijo University in Nagoya, Japan, re- 
nowned for his 1991 discovery of carbon 
nanotubes, another carbon “allotrope,” says 
the limited data presented are “not good 
enough” to convince him the group has 
found a new allotrope. He wants the team 
to perform x-ray crystallography, a gold 
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standard technique to determine structure, 
on larger samples. 

Therrien says the discovery came in 
a failed attempt to synthesize penta- 
graphene, a sheet of carbon atoms bound 
in pentagonal rings that has been pre- 
dicted but never created. His idea was to 
exploit a technique known as “geometrical 
frustration.” He placed a catalyst, a sheet 
of copper foil, on a pedestal in the center 
of a chemical vapor deposition (CVD) oven 
and heated it to about 800°C. But rather 
than pumping in a feed gas of the usual 
small hydrocarbons, such as methane, he 
injected a more complex precursor: 2,2 di- 
methylbutane, a cheap petrochemical that 
is available by the ton. As a branched hex- 
ane, the chemical has six carbon atoms ar- 
ranged along a bent backbone. 

The high temperatures of CVD normally 
break down complex hydrocarbons at the 
catalyst surface into atoms or simple mol- 
ecules, which then self-organize into gra- 
phene sheets or crystals such as diamond. 
But previous experiments led Therrien 
to believe the hexane’s crooked backbone 
would persist, creating a geometric con- 
straint that would force the “frustrated” 
carbon groups to link up into the pentago- 
nal cells of pentagraphene. 

They did not—but the atoms settled into 
a different structure. Therrien says that on 
13 November 2017, after teaching an evening 
class, he returned to his lab to check on his 
oven and noticed the smell of tar. The in- 
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Researchers believe films of U-carbon consist of stacks 
of undulating layers, tiled with six- or 12-atom rings 
and bound together by covalent bonds. 


side of the furnace was caked in black pitch. 
But the copper foil was covered in some- 
thing that looked like polished silver. “I just 
stopped dead,” he says. “I literally spent half 
an hour just staring at this, trying to figure 
out what on Earth had happened.” 

After 2 years of further experimentation 
with other branched hexanes, the team was 
able to reliably create the substance again 
and again, in films up to 1 micron thick and 
several centimeters across. 
Puru Jena, a collaborator 
at Virginia Commonwealth 
University in Richmond, 
says models of molecular 
dynamics predict that the 
carbon atoms form cor- 
rugated layers tiled with 
six- or 12-atom rings and 
linked together by covalent 
bonds. Graphite, in con- 
trast, consists of flat car- 
bon layers that freely slide 
across each other. 

Ajayan says the x-ray 
and_electron-microscope 
data support the predicted structure. He 
says those data have also confirmed another 
prediction of Jena’s: that the bonds in the 
material are formed by shared electrons 
in a mix of particular orbital shells—what 
chemists call sp? and sp’ bonds. The sp? 
bonds leave electrons “not involved in any 
bond and kind of dangling,” which makes 
it easier for their spins to align, Jena says. 
“That gives you the ferromagnetism.” 

At the meeting, Therrien dramatized the 
magnetism by showing a video of millimeter- 
size flakes of the substance suspended in a 
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Shiny films of a new material, up to 
1 micron thick, formed in chemical 
vapor deposition ovens. 


water droplet. As he slowly waved a small bar 
magnet over the water, the flakes followed it 
back and forth. More tantalizing still is his 
claim that the material remains magnetic 
even at the elevated temperatures at which 
motors and computers typically operate. 

The magnetism adds to a suite of prop- 
erties never before seen together in a form 
of pure carbon. They include tremendous 
hardness that presumably results from the 
bonds joining adjacent layers: “We’ve tried 
scratching it with steel wool, and it comes 
off clean,” Therrien says. “The only thing we 
can say verifiably scratches it is a diamond 
scribe.” Though the group has yet to measure 
the tensile strength of the material, the fact 
that vanishingly thin flakes hold together at 
millimeter size suggest it may be as strong as 
some metals, he says. 

Then there is the mirrorlike appearance, 
seen in photos Therrien showed at the meet- 
ing. The team’s measurements indicate that 
the film, even when just 50 nanometers 
thick, reflects more than 90% of incoming 
light at wavelengths ranging from the far- 
ultraviolet to the midinfrared. That attribute 
could make it a useful reflective coating, 
more durable than the standard aluminum, 
for mirrors in cameras and telescopes. 

Its electrical conductivity turned out to 
be just shy of that of stainless steel. But it 
can also display other electronic proper- 
ties. Annealing the material by slowly heat- 
ing it to 1000°C dims its shine and turns it 
into a semiconductor with a band gap—the 
energy required to liber- 
ate an electron—similar 
to that of amorphous 
silicon, which can turn 
light into electricity. That 
makes it a candidate mate- 
rial for photovoltaic cells, 
Therrien suggests. 

Therrien is bullish 
about the long-term po- 
tential of geometrical 
—. frustration to synthesize 
novel allotropes of car- 
bon and other elements. 
“Even if it works only for 
carbon, the very fact that 
there are probably hundreds of different 
allotropes that you might be able to make 
using this approach is going to really open 
things wide up.” 

The group has not yet settled on a name 
for the mystery material. Jena calls it U- 
carbon—U for unusual. But Therrien, in- 
spired by medieval alchemists who sought 
in vain for “adamant,” an unbreakable lode- 
stone, is calling it adamantia. 


W. Wayt Gibbs is a journalist in Seattle, Washing- 
ton, and editorial director at Intellectual Ventures. 
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U.S. POLICY 


‘Secret science’ 
plan is back, 
and critics say 
it’s worse 


EPA proposal would allow 
regulators to ignore many 
health studies 


By David Malakoff 


ritics are blasting a revised Trump ad- 
ministration plan to give the U.S. En- 
vironmental Protection Agency (EPA) 
broad power to ignore research re- 
sults when setting public health rules 
if officials decide the underlying data 
are not adequately accessible to the public. 

The draft document, a version of which 
was leaked to The New York Times this week, 
supplements a 2018 data transparency pro- 
posal from EPA that was harshly criticized by 
scientific, environmental, and patient groups 
(Science, 4 May 2018, p. 472), prompting the 
agency to say it would issue a revision. Al- 
though EPA said in a 12 November statement 
that the leaked document is not the final ver- 
sion it sent earlier this month to the White 
House for review, the agency did not dispute 
its core substance. 

The proposed supplement “is even worse 
than we thought it would be,” says Gretchen 
Goldman of the Union of Concerned Scien- 
tists in Washington, D.C. “We didn’t think 
[the transparency proposal] could get any 
worse, but we were wrong.” 

One issue, critics say, is that EPA wants to 
greatly broaden the policy’s scope, applying 
it to all studies and data used by the agency 
and not just the “dose response” studies 
mentioned in the initial version. The draft 
also asks the public to comment on whether, 
in some cases, the transparency rule should 
be applied retroactively to past studies used 
to support regulation, potentially opening 
the door to challenges of existing rules. 

EPA officials have argued that the data 
transparency policy is needed to ensure 
that the agency uses only the best “pivotal 
regulatory science” that can be “indepen- 
dently validated” when crafting “signifi- 
cant” rules that are expected to impose 
major economic costs. The leaked proposal 
says EPA regulators should have “the right 
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to place less weight” on certain studies, “to 
the point of entirely disregarding them,” if 
the underlying data are “not made available 
in full to EPA” 

Critics say that language is primarily de- 
signed to weaken regulation by preventing 
EPA from considering epidemiological and 
other studies in which researchers have 
promised to protect the privacy of human 
subjects. Such confidential health informa- 
tion, which is typically not released to the 
public, has played a major role in shaping 
stricter EPA limits on air pollutants. For 
example, the iconic 1993 Six Cities Study, 
which linked particulate air pollution to 
human death and disease, helped spur 
new EPA soot controls. But some industry 
groups have long objected to EPA’s use of 
such “secret science.” 

EPA already has ways to assess the quality 
of studies and decide which it should con- 
sider when writing new rules, notes Chris 
Frey, a former scientific adviser to the agency 
and an air quality researcher at North Caro- 
lina State University in Raleigh. “But what 
those methods don’t do is say: ‘Just because 
there isn’t full public disclosure of the data, 
were going to wipe out and ignore that 
study, regardless of its quality’? Doing that 
would prevent you from considering the full 
weight of the scientific evidence.” 

The draft acknowledges that full disclo- 
sure may not be possible for some studies 
involving health or proprietary business 
information; it would empower political 
appointees at EPA to exempt certain stud- 
ies from transparency requirements. It also 
asks for comment on whether EPA should 
adopt methods, such as those used by the 
U.S. Centers for Disease Control and Pre- 
vention, for only sharing sensitive data with 
approved researchers. 

But the proposal doesn’t discuss how 
much such vetting might cost, or how the 
rule might affect efforts to protect public 
health, critics note. “There’s no real analy- 
sis of what this rule would do, or the costs 
and benefits ... it’s a solution in search of a 
problem,” Frey says. 

One prominent advocate of the trans- 
parency rule, however, welcomes the new 
draft. “I’m elated. ... We're making progress,” 
says Steve Milloy of JunkScience.com in 
Potomac, Maryland, who served on the 
Trump administration’s transition team 
at EPA. “But it’s not the end game by far,’ 
he adds, noting the proposal must still be 
opened to public comment, and that any fi- 
nal policy will likely face a court challenge. 
Milloy also notes that even if EPA adopts 
the rule, agency officials will have leeway 
in interpreting it. “Words have never really 
mattered,” he says. “What matters is how 
the people in charge implement them.” & 


784 15 NOVEMBER 2019 » VOL 366 ISSUE 6467 


BIOMEDICINE 


Bacterial toxin linked to severe 
alcoholic liver disease 


In mice, viruses known as phages reduced alcohol- 
related liver problems by eliminating a gut microbe 


By Eva Frederick 


or a heavy drinker whose liver has 

been destroyed by alcohol, an organ 

transplant is often the only realistic op- 

tion. But because of donor liver short- 

ages and rules that withhold them 

from people who have not shed their 
alcohol addiction, many go without. Tens of 
thousands die from alcoholic liver disease 
each year in the United States—and some 
go downhill much faster than others. Now, 
scientists have found a reason for this dis- 
parity: a toxin produced by some strains of 
a common gut bacterium. Working in mice, 
they have also tested a poten- 
tial therapy, based on bacteria- 
destroying viruses found lurk- 
ing in the sewer. 

Why some drinkers with liver 
disease fare much worse than 
others “has always been a co- 
nundrum,” says Jasmohan Bajaj, 
a gastroenterologist and liver 
specialist at Virginia Common- 
wealth University in Richmond. 
The bacterium Enterococcus 
faecalis offers an explanation, 
Bernd Schnabl, a gastroentero- 
logist at the University of Cali- 
fornia, San Diego (UCSD), School 
of Medicine, and colleagues re- 
port this week in Nature. In fecal 
samples from patients with alcoholic liver 
disease, levels of it were 2700 times higher 
than in nondrinkers, although the mere 
quantity didn’t correlate with a person’s 
outcome. Instead, the researchers identified 
a cell-destroying toxin called cytolysin pro- 
duced by select strains of E. faecalis as the 
likely reason that some patients with alco- 
holic liver disease had severe symptoms. 

Fewer than 5% of healthy people carry the 
toxinmaking strains, but the group found 
them in 30% of the people hospitalized with 
alcoholic liver disease whom they tested. And 
those patients had a much higher mortality 
rate within 180 days of admission—89% of 
the cytolysin-positive patients died compared 
with only 3.8% of the other patients. “Cytoly- 
sin is a factor that really drives mortality and 
liver disease severity,’ Schnabl says. 
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This phage can 
target a toxinmaking 
gut bacterium. 


He and colleagues don’t know why the 
strains flourish in people with alcoholic 
liver disease. But the team confirmed their 
deadly influence by colonizing some mice 
with the toxin-producing bacteria and oth- 
ers with nontoxic strains, then dosing the 
animals with alcohol to damage their liv- 
ers. Mice with the toxin-producing bacteria 
fared much worse than those without. 

Next, the team sought a way to precisely 
remove the toxic E. faecalis to see whether 
the animals’ symptoms improved. Tradi- 
tional antibiotics kill broadly, so the group 
enlisted UCSD colleagues who study thera- 
peutic uses of bacteriophages, or phages. 
These viruses kill specific bac- 
teria, and researchers—many in 
Russia and Eastern Europe— 
have used them for decades to 
treat conditions such as dysen- 
tery and gangrene. 

In the university’s sewage 
plant—a ready-made buffet for 
organisms that live off fecal 
bacteria—the team found phages 
that targeted cytolytic E. faecalis. 
When mice that harbored the 
deadly bacteria were treated 
with the phages, they had less 
liver injury, less inflammation, 
and less cytolysin in their livers 
than animals treated with con- 
trol phages. “We can reduce the 
disease but we could not completely get the 
mice with alcoholic liver disease back to a 
baseline,” Schnabl says. 

Bajaj calls the mouse studies “exquisitely 
done,” adding that although the phage ther- 
apy is far from ready for use clinically, this 
work pushes research on alcoholic liver dis- 
ease in “an encouraging direction.” 

The UCSD team is now working to cre- 
ate a library of phages isolated from differ- 
ent liver disease patients that are effective 
against cytolysin-positive E. faecalis strains. 
They plan to evaluate the phages for safety 
and then consider testing them in people 
with severe cases of the disease. Andrzej 
Gorski, a phage expert at the Polish Acad- 
emy of Sciences in Wroctaw, applauds the 
plan. “Now is a good time for performing 
clinical trials” with phages, he says. & 
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EARTH SCIENCE 


Drones reveal earthquake 
hazards hidden in the abyss 


Low-cost approach enables United States to double 
scrutiny of seafloor creep in quake zones 


By Paul Voosen 


here is no force on Earth quite like 
a subduction zone. Slips along these 
faults, found where plates of dense 
ocean crust dive beneath continents, 
cause the world’s most destructive 
earthquakes and tsunamis: 1964 in 
Alaska; 2004 in Indonesia; 2011 in Japan. But 
much remains unknown about how those 
faults slip and stick between catastrophes. 
The radio signals of GPS, so powerful for 
tracking crustal movements on land, can’t 
penetrate the abyss. To gauge motions under- 
water, scientists rely on a daisy chain in 
which a ship tracks acoustic beacons on the 
sea floor—and the ship in turn fixes its po- 
sition with GPS. Now, a team led by David 
Chadwell, a geophysicist at the Scripps Insti- 
tution of Oceanography in San Diego, Califor- 
nia, has found a way to cut costs by replacing 
the expensive ships with ocean-going drones. 
“It’s going to make a huge difference,’ 
says Laura Wallace, a geodetic scientist at 
GNS Science in Lower Hutt, New Zealand. 
Last month, the U.S. National Science Foun- 
dation (NSF) endorsed the approach by an- 
nouncing a $5.5 million grant to Chadwell’s 
team to buy beacons for 16 seafloor sites 
and three drones to monitor them—more 
than doubling the ability of U.S. scientists 
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to track movements of the ocean floor. 
Earth scientists use GPS to measure the 
strain that builds up quietly between quakes. 
At the Cascadia subduction zone off the Pa- 
cific Northwest, for example, GPS stations 
on land suggest that enough strain has accu- 
mulated to drive a magnitude-9 earthquake 
when the fault finally ruptures. But the land- 
based measurements also hint that strain 
along the fault’s midsection, off the coast of 
Oregon, is being relieved by a type of harm- 
less slip called creep. That suggests the fault 
could rupture in pieces, in a series of inde- 
pendent, smaller quakes. But without off- 
shore measurements, scientists only see half 
the picture, says Harold Tobin, a geophysicist 
at the University of Washington in Seattle. 
Acoustic GPS—tracking seafloor beacons 
by ship—is a pricey way to get these data. Ja- 
pan has spent more than $3 billion on acous- 
tic GPS over the past 10 years to monitor its 
dangerous offshore faults. By 2020, Japan’s 
acoustic GPS network will include 27 sta- 
tions, each consisting of multiple beacons. 
The few sites that were operating at the 
time of the 2011 Tohoku earthquake found 
that the fault slipped more than 30 meters in 
its shallow sections, driving the devastating 
tsunami. Frequent monitoring since, with 
ship visits now every 2 months, has shown 
how strain accumulates irregularly across 
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A submerged “glider” captures wave energy to tow 
a craft that can collect data from seafloor beacons. 


the fault. “They can tell exactly where the 
patches are that would rupture in the next 
earthquake,” says Noel Bartlow, a geo- 
physicist at the University of California, 
Berkeley, who is part of the new NSF grant. 

Even more tantalizing is evidence, seen 
prior to the 2011 earthquake in Tohoku and 
elsewhere, of fault ruptures that occurred 
over the course of weeks rather than minutes. 
Perhaps such “slow slip” regularly precedes 
earthquakes along subduction zones and 
could be used as a warning, says Paul Segall, 
a geophysicist at Stanford University in Palo 
Alto, California. That, he says, “would have 
enormous societal implications.” 

But tracking the acoustic beacons requires 
research ships with GPS-guided thrusters 
that cost up to $50,000 a day to operate. And 
the measurements are by nature intermit- 
tent, depending on ships’ visits. 

In 2012, Chadwell began to explore 
whether the Wave Glider, a drone developed 
by Liquid Robotics in Sunnyvale, California, 
could replace ships. The drone is a 3-meter- 
long surface craft tethered to a tube, 8 me- 
ters down, lined with oscillating fins, which 
harvest energy from ocean waves. Costing 
just $500 a day to run, the drone could carry 
a GPS unit and linger for weeks in a tight cir- 
cle above the seafloor beacons. In a 2016 test 
at Cascadia, a glider lasted 40 days and trav- 
eled nearly 500 kilometers; its near silence 
interfered far less with the acoustic signal 
than a ship’s engine. Since then, Chadwell’s 
team has used the drones each summer at 
six acoustic GPS sites at Cascadia, along with 
others in Alaska and New Zealand. 

NSF hasn’t decided where to deploy the 
new instruments it is funding, but the equip- 
ment is enough to cover one subduction zone 
in detail—and perhaps several. Modeling 
studies indicate each new seafloor site will 
add as much knowledge as up to 30 GPS sta- 
tions on land. And their use isn’t limited to 
subduction zones, Chadwell says. They could 
be placed at the seams where tectonic plates 
spread apart, which are almost all found 
underwater. Or they could be installed on 
the flanks of undersea volcanoes, which in- 
flate before eruption. 

Many hope the NSF grant will be a down 
payment for a much larger project, formerly 
known as the Subduction Zone Observatory 
and now called SZ4D, that would cost hun- 
dreds of millions of dollars and would inten- 
sively monitor subduction zones—perhaps 
even catching a magnitude-9 earthquake in 
action (Science, 23 September 2016, p. 1347). 
Tobin, who leads planning for SZ4D, says, 
“Virtually everyone sees this as the first 
building block for that infrastructure.” & 
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FOREST SCIENCE 


A mysterious disease is striking 
American beech trees 


Researchers debate whether a tiny worm is to blame 


By Gabriel Popkin 


mysterious disease is starting to kill 

American beeches, one of eastern 

North America’s most important trees, 

and has spread rapidly from the Great 

Lakes to New England. But scientists 

disagree about what is causing the ail- 
ment, dubbed beech leaf disease. Some have 
recently blamed a tiny leaf-eating worm in- 
troduced from Asia, but others are skeptical 
that’s the whole story. 

Regardless of their views, researchers say 
the outbreak deserves attention. “We're deal- 
ing with something really unusual,” says 
Lynn Carta, a plant disease specialist with 
the U.S. Department of Agriculture (USDA) 
in Beltsville, Maryland. 

American beech (Fagus grandifolia), 
whose smooth gray trunks can resemble 
giant elephant legs, can grow to almost 40 
meters tall. It is the fifth most common tree 
species in southern New England and in New 
York state—and the single most common tree 
in Washington, D.C. Its annual nut crop pro- 
vides food for birds, squirrels, and deer. 

Beeches in the United States were already 
struggling with a bark-infesting fungus when, 
in 2012, biologist John Pogacnik of Lake 
Metroparks, which manages natural areas in 
Ohio’s Lake County, spotted trees with leaves 
that were shriveled and had black stripes. By 
2018, foresters had documented beeches with 
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similar symptoms in 24 counties in eastern 
Ohio, western Pennsylvania and New York, 
and Canada’s Ontario province. Small trees 
with shriveled leaves were starting to die; on 
larger beeches, the symptoms crept up the 
tree toward leaves in the canopy. Worried 
foresters began to pry loose research funding 
from USDA and other agencies, and orga- 
nized a meeting to discuss the disease in May 
2018 in Parma, Ohio. 

There, plant pathologist David McCann, 
of the Ohio Department of Agriculture in 
Reynoldsburg, said he had found thousands 
of wriggling worms streaming from infected 
beech leaves. He sent Carta samples of the 
worms, which can be up to 2 millimeters 
long. Carta identified the worm as a subspe- 
cies of Litylenchus crenatae, a nematode that 
is found in beech trees in Asia but doesn’t kill 
them. The find was eye-opening, Carta says, 
because no leaf-eating nematode is known to 
infect a large forest tree in North America. 

Next, Carta, together with biologist David 
Burke of the Holden Arboretum in Kirtland, 
Ohio, and others, sought to verify Koch’s 
postulates—pathology’s gold standard for 
verifying a putative cause of a disease. The 
researchers took nematodes from diseased 
trees, pipetted them onto the buds of young, 
healthy trees in a greenhouse, then waited for 
symptoms to appear and reisolated the nem- 
atode from the affected leaves. The results of 
the experiment, which Carta presented at a 
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Some researchers believe a nematode native to Asia 
is causing a deadly disease in American beech trees. 


conference in July and which have been ac- 
cepted for publication in the journal Forest 
Pathology, indicate that “nematodes are caus- 
ing beech leaf disease,’ Burke says. “We feel 
like we've closed Koch’s postulates.” 

Enrico Bonello, a plant pathologist at Ohio 
State University in Columbus, is skeptical. 
He and a graduate student, Carrie Ewing, 
have ground up leaves from diseased and 
healthy looking beeches and then extracted 
fragments of DNA and RNA. They found 
nematode DNA in both healthy seeming 
and diseased trees. In diseased beeches, they 
also found evidence of three bacteria and 
three fungi not found in healthy looking 
trees. They don’t know whether any of the 
microbes sicken trees. But Bonello says the 
finding, which he plans to present at an up- 
coming conference, “raises questions” about 
the role of nematodes. Perhaps, he says, the 
worms are simply transmitting a microbial 
pathogen that is the disease’s true cause. 

Carta’s team, however, considers that sce- 
nario “highly unlikely” She contends nema- 
tode feeding alone could sicken trees. 

Whatever its cause, beech leaf disease is 
getting around. Connecticut officials last 
month announced detections in Greenwich, 
Stamford, and New Canaan, on New York 
City’s doorstep. Diseased trees have also 
been found on Long Island in New York 
state, some 800 kilometers from the malady’s 
ground zero. Carta and others are investigat- 
ing whether the nematode is being moved 
across the landscape by mites found on in- 
fected beech trees, or by birds. 

USDA’ Animal and Plant Health Inspec- 
tion Service, the agency responsible for deal- 
ing with invasive tree killers, is helping study 
the disease. But it has held off on taking ac- 
tion to limit the disease until it knows more 
about the cause and how it spreads. 

The beech’s plight has dismayed forest 
experts, who are already reeling from an 
onslaught of introduced tree killers such as 
the emerald ash borer beetle that has elimi- 
nated millions of trees. “I think we should be 
alarmed,” says Robert Marra, a forest patho- 
logist with the Connecticut Agricultural 
Experiment Station in New Haven. “What’s 
going to be left in forests?” 

The beech may face additional threats. Ear- 
lier this year, U.S. Forest Service researchers 
announced they had found an undescribed 
beetle on stressed European beech trees in 
a New York City cemetery. The scientists are 
now studying whether the insect also has a 
taste for American beech. 


Gabriel Popkin is a journalist in Mount Rainier, 
Maryland. 
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LIFE PARTNERS 


Nancy Moran’s passion for insects and their indwelling microbes helped the 
field of symbiosis come into its own By Elizabeth Pennisi; Photography by Julia Robinson 


ancy Moran has found clues to 

evolution in some unlikely places. 

Some 20 years ago, living in Ari- 

zona, she would frequent a Mexi- 

can restaurant in Tucson for more 

than its food. She regularly climbed 

the fire escape behind it to visit the 

upper branches of a hackberry 

tree—along with all the insects 

lurking there. One night, she reached into 

the foliage and scooped up a nondescript 

bug that helped change the way she and 

other biologists think about the evolution of 
complex life. 

The sesame seed-size bug she nabbed— 

a psyllid, which causes the plant stems or 

leaves it feeds on to form hard nodules called 
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galls around the insect—harbored symbiotic 
bacteria that appear to capture a key stage 
in the evolution of the cell. Their genomes 
are so shrunken, Moran found when she 
returned to her lab and analyzed the bug’s 
microbial cargo, that they seem to be losing 
their ability to live on their own. They may 
be on their way to turning into organelles, 
like mitochondria and chloroplasts, which 
originated as symbiotic microbes early in the 
history of life but ultimately became depen- 
dent wards of the cell. 

Moran, an evolutionary biologist now at 
the University of Texas (UT) in Austin, has 
built a career from groundbreaking findings 
made in plant-dwelling insects. Her work 
on psyllids, aphids, and other sap-sucking 
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insects has uncovered intricate, intertwined 
relationships with internal bacteria, which 
help them survive on a meager diet of plant 
juices. Moran is “one of the people who pio- 
neered symbiosis as a field and did so with 
rigorous work and creativity, says John 
McCutcheon, a former postdoc and now an 
evolutionary biologist at the University of 
Montana in Missoula. 

Today, such symbioses are widely recog- 
nized for creating life as we know it. Energy- 
producing mitochondria power all complex 
cells; chloroplasts, where photosynthesis 
takes place, make plant life possible. The 
cementing of other host-microbial alliances 
enabled animals to expand what they could 
eat, diversify into new species, and conquer 
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almost all parts of the planet. We humans 
are increasingly aware that communities of 
microbes in our guts, on our skin, and else- 
where—our microbiome—shape our physi- 
cal and perhaps even mental well-being. 

Moran, who received a MacArthur “ge- 
nius grant” early in her career and was 
elected to the National Academy of Sciences 
in 2004, has developed her own vital part- 
nership. She has teamed up with Howard 
Ochman, another UT biologist, for more 
than 20 years, both personally—they mar- 
ried in 1998—and professionally. She has 
dedicated her career to symbiosis; 
he has ranged more widely but has 
contributed fundamental principles 
about how microbes evolve. “This is 
quite the power couple,” says bio- 
technologist Andrew Ellington, a 
UT colleague. 

After decades uncovering the 
evolutionary roots of symbiosis, 
Moran now looks to microbial com- 
munities for ways to address to- 
day’s challenges. She’s studying the 
gut bacteria in bees, which depend 
on microbial guests to thrive. That 
new system, she hopes, will suggest 
ways to stop the decline of the bees 
and other pollinators and perhaps 
yield a simple model for exploring 
the roles of gut microbes in people. 


WHILE PLAYING OUTSIDE with her 
seven siblings or hanging out at the 
Dallas, Texas, drive-in theater her 
father ran, the young Moran would collect 
bugs, leaves, and flowers wherever she could. 
“T was known as the kid who liked plants 
and insects,’ she recalls. Her favorites were 
the tarantulas. (Yes, the entomology Ph.D. 
knows they are spiders, not insects.) She kept 
them in jars and fed them crickets. Her fam- 
ily accepted her hobbies, fretting only when, 
at age 9, she convinced a friend they should 
test whether the poison ivy next to the school 
playground really could cause a rash. “That 
was a horrible disaster,’ Moran recalls. 

Yet she was slow to realize that she could 
make a career of biology. At UT, she majored 
first in art and then in philosophy. But an 
introductory biology class, a university re- 
quirement, had an enduring impact. “Once 
I learned about evolution and natural selec- 
tion, I decided this was the most interesting 
thing to spend time on,” Moran says. 

As a graduate student at the University of 
Michigan in Ann Arbor, Moran trained with 
the famous 20th century theoretical evolu- 
tionary biologist W. D. Hamilton, and they 
became close friends. “We talked about ev- 
erything ... big ideas and what kinds of sci- 
ence make a difference in understanding the 
evolution of life” Moran says. Entomology 
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remained her first love, however. Every free 
moment she wriggled into bushes, looked 
under leaves, and peered into flowers to see 
what new insect species she could find. 
After she took a faculty job at the Univer- 
sity of Arizona in Tucson in 1986, a phone 
call from Paul Baumann, a microbiologist 
at the University of California (UC), Davis, 
helped her link her two scientific passions. 
Baumann was studying Buchnera, a once 
free-living bacterium now found solely in- 
side aphids. In the 1960s, a German biologist 
named Paul Buchner had cataloged these 


Nancy Moran (above and opposite page) keeps honey bees on a university 
building rooftop so she can study their microbiomes. 


endosymbionts and written a tome with in- 
tricate illustrations of where they lived in the 
aphids, as well as in lice, beetles, and other 
insects. Buchner suggested those symbioses 
were essential, life-long relationships that 
had existed for millions of years. 

If so, the microbes and the insects 
must have evolved together—and their 
DNA should tell the tale. To test the idea, 
Baumann needed Moran’s aphid expertise. 
By sequencing the genomes of various aphid 
species and their Buchnera, Baumann and 
Moran built family trees for both organisms, 
and found that the microbes had diversified 
in step with the insects. Using various aphid 
fossils to date the trees, they found that the 
partnership began some 200 million years 
ago. Since then, Buchnera has passed from 
one aphid generation to the next, coevolving 
with its host. 

For the next 15 years, Baumann, 
Moran, and their colleagues used similar 
DNA analyses to document equally long- 
term relationships between bacteria and 
white flies, spittlebugs, cicadas, leafhoppers, 
and psyllids. Some partnerships dated as far 
back as 270 million years, they concluded. 
The work “established that symbiosis is a 
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central part of evolution that goes way back,” 
Moran says. She and other biologists pro- 
pose the microbes helped the insects exploit 
new food sources and habitats, resulting in 
a rapid diversification that paralleled the di- 
versification of flowering plants. 

“Having her as an organismal biologist 
and him as a microbiologist was really help- 
ful for the field,” McCutcheon says. 

The sequencing also suggested why such 
partnerships have persisted for so long. Bu- 
chnera, for example, has genes that enable it 
to make amino acids not available from sap 
or from the aphid’s own metabolism, 
compensating for the insect’s poor 
diet. Meanwhile, living in the pro- 
tected environment of the aphid’s 
specialized bacteria-carrying cells, 
Buchnera has lost essential genes, 
so it has to rely on the aphid to 
make up for those losses. In the late 
1990s, this interdependence seemed 
remarkable, and it helped reshape 
how symbiosis was viewed. 

Moran’s genomic approaches to 
symbiosis have since inspired many 
researchers, says Angela Douglas, 
who studies insect-microbe inter- 
actions at Cornell University. 
Twenty-five years ago, “We were 
the crazy people” for thinking sym- 
biosis was so important, she recalls. 
Today, such close connections have 
proved to be the rule for many host- 
microbe partnerships. 

Moran’s later work in insects 
confirmed the power of symbiosis. She, 
McCutcheon, and others found that some 
insects can’t survive without multiple sym- 
bionts. In the glassy-winged sharpshooter 
and the cicada—both also sap-sucking 
insects—one symbiont supplies eight of the 
10 essential amino acids missing in their 
diet, and another symbiont supplies the 
other two. In other sap-sucking insects, sym- 
bionts serve additional functions, Moran 
and her colleagues discovered. In aphids, a 
symbiont makes the insect less susceptible 
to parasitic wasps by carrying a virus that’s 
toxic to the wasp’s young. Other symbionts 
improve the aphid host’s tolerance for high 
temperatures, enabling it to thrive in new 
environments. That work illustrated the 
complexity of microbial partnerships and 
hinted at the spectrum of advantages that 
microbial guests confer, a theme increasingly 
evident in studies of the human microbiome. 

Moran also unexpectedly discovered that 
deleterious mutations are often common in 
the hosted microbes, suggesting symbiosis 
isn’t always a win-win for both partners. The 
microbial genomes were naturally decaying 
through time for two reasons: The bacteria 
lacked a sexual phase of reproduction, which 
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Can’t live without you 

Aphids dine on sap they suck from a plant’s phloem, 
or circulatory system, but that diet lacks key 
nutrients. The insects rely on internal bacteria called 
Buchnera to convert amino acids in sap, such as 
glutamate, into ones they are missing. 
The bacteria, in turn, benefit from other 
nutrients and shelter provided 
by the aphid. 


During embryonic development, 
aphid offspring pick up 
Buchnera symbionts. 


Late-stage 
embryo 


Reproductive 
organ 


Luxury suite 

So complete is the partnership between the 
aphid and Buchnera that the insect has evolved 
specialized cells called bacteriocytes that 
house the bacteria. 

Cell nucleus 


Bacteriocyte 


could recombine DNA and replace bad 
genes, and only a few of the bacteria trapped 
inside an aphid pass along to the next gener- 
ation, a winnowing that further restricts re- 
combination between microbes. The buildup 
of mutations steadily erodes the number of 
working genes in the bacteria—Buchnera 
has just 600 genes compared with the 5000 
or so powering Escherichia coli—and make 
those that remain less functional. “The in- 
sect is basically relying on a symbiont that’s 
falling apart,’ Moran says. 

She and Japanese colleagues later identi- 
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Bacteriocytes 


Buchnera 
within 
bacteriocyte 


Reproductive 
organ 


Welcome guests 

With tiny genomes, Buchnera 
depend on the aphid to supply 
many required molecules. 


Pea aphid 


Microbial inheritance 
During reproduction, a few bacteria 
escape their bacteriocyte and ente 
the developing embryo, ensuring thei 
transmission to the next generation. 


fied one way aphid endosymbionts cope with 
the decay: by making a lot of heat shock pro- 
teins, which can help stabilize faulty proteins 
produced from the mutated genes. Another 
bulwark against decay, Moran suggests, is 
what’s known as horizontal gene transfer, 
in which essential genes from the partner 
microbe or outside microbes migrate to the 
host genome—as genes from mitochondria 
did. That way they can benefit from the 
host’s sexual reproduction, which enables 
intact copies to replace mutated ones. 


Moran’s groundbreaking paper on gene 
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Bacteriocyte 
membrane 


Poor diet 

Sap is mostly sugar water 
with free amino acids 
and minor components 
including organic acids. 


Amino acids 
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Sugars 
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Plant 
tissue 


Earning its keep 

Sap provides 10 amino acids, none of which 
is required for animals to make proteins. But 
Buchnera converts them into essential amino 
acids, albeit in low concentrations. 
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decay came out in 1996. Her lab in Arizona 
was thriving, but her associate professor's 
salary barely covered her bills. “I was broke,” 
she recalls, and nearly overwhelmed being a 
single mom. Divorced for the second time in 
early 1997, with a 5-year-old daughter and a 
14-year-old stepdaughter, she struggled to bal- 
ance work and family life. “If you have kids, 
you are not allowed to fall apart,” she says. Yet 
she couldn’t travel to scientific meetings— 
key to any young professor’s career. 

The MacArthur grant she received in 1997, 
which paid more than $50,000 annually for 
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the next 5 years, lifted those burdens. She im- 
mediately hired a housekeeper and reduced 
her teaching load. 

At the time, Ochman was studying bacte- 
rial genomes. Curious to meet this newcomer 
to microbial evolution, he prodded organiz- 
ers of one of the exclusive Gordon Research 
Conferences to invite Moran. So few women 
were present that Ochman knew exactly who 
she was. With characteristic directness, he 
walked up and asked what she was doing 
with the MacArthur money. Moran, who 
tends to be reserved, was charmed. They 
married 14 months later, and he followed her 
to the University of Arizona. In 2010, Yale 
University recruited them to set up a center 
on microbial diversity. In 2013, the couple 
moved back to Moran’s home state. 

She says their shared passion for evolu- 
tionary biology and Ochman’s encyclopedic 
knowledge of the field have aided her immea- 
surably. He “has had a huge positive impact 
on my science.” 

Early on, Ochman had been puzzling over 
two microbial mysteries: why genomes of 
E. coli strains can vary in size by as much 
as 50%, and how other bacteria abruptly 
change from benign to pathogenic. By scru- 
tinizing the microbes’ genomes, he found 
that they readily gain and lose genes by 
swapping them with other bacteria or with 
their hosts. Such horizontal gene transfer 
could help explain the genome size varia- 
tion, how bacteria pick up genes for toxins 
or other weapons—and also how a symbiont 
such as the ones Moran studies might shift 
essential genes to its host. 

Moran and Ochman have offices less 
than 100 meters from each other. He often 
pops in on her, whether to discuss a pos- 
sible grant proposal, go over the latest data, 
or just have lunch. “We spend 18 hours a 
day together,’ Ochman says. Yet their per- 
sonalities are a world apart. Boisterous and 
impulsive, Ochman jumps quickly into new 
topics (ape microbiomes recently). Stead- 
fastly loyal, Moran picks a question—or a 
partnership—and works on it thoroughly. 
“She is more logical and takes a more long- 
term view,” Ochman says. 

Moran’s continued insect collecting led 
her to examples of bacterial symbionts with 
such tiny genomes that they are inextricably 
tied to host cells. One was Carsonella ruddit, 
from that psyllid from the Mexican restau- 
rant, which proved to have just 160,000 bases 
compared with E£. coli’s 5 million bases and 
Buchnera’s 640,000. Other genomes were 
even smaller. The findings have convinced 
her that no clear dividing line separates or- 
ganelles and endosymbionts. “My view is that 
these words are just labels,” she says. 

Honey bees have become one of Moran’s 
enduring interests, prompted by her hy- 
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pothesis that gut bacteria might play a role 
in the well-documented decline in the bee 
population. Her team’s early work showed 
the honey bee gut contains eight species of 
bacteria—a manageable number compared 
with the hundreds typical of the mammalian 
gut—and that every honey bee around the 
world has the same set. A student in her lab 
at Yale figured out how to grow each of the 
eight kinds in the lab; in contrast, Buchnera 
continues to be unculturable. 

By isolating pupae before they emerge, 
Moran’s team can keep worker bees from in- 


Al 


oculating the young bees with the bacteria. 
The resulting “microbiome-free” bees, the 
group found, vividly demonstrate the im- 
portance of these microbial guests. Lacking 
their usual microbiomes, the bees gain less 
weight, are more susceptible to pathogens, 
and die sooner. Hives decline. 

Recently, Moran’s’ graduate student 
Erick Motta showed that bees with an intact 
microbiome become more susceptible to 
pathogens when exposed to glyphosate, the 
herbicide marketed as Roundup. Glypho- 
sate has been considered harmless to insects 
and other animals because it affects an en- 
zyme that only plants and microbes use. But 
through its effects on microbial guests, the 
compound may harm insects as well, the 
work suggested. (When this work was pub- 
lished last year, Roundup’s maker issued a 
statement saying: “No large-scale study has 
ever found a link between glyphosate and 
honey bee health issues.”) 

To Moran, the honey bee microbiome 
is complex enough to stand in for the hu- 
man microbiome but simple enough to 
be dissected in a way the human counter- 
part cannot be. Moran’s work on bees “has 
been some of the most reliable, clearly ar- 
ticulated work” on gut microbes, says Jon 
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Aroom full of plants teeming with aphids keeps Nancy Moran and her team well-supplied for experiments. 


Sanders of UC San Diego, who studies hu- 
man microbiomes. He expects the honey 
bee studies will yield insights into how gut 
microbial communities in general function. 

The bee work led to other payoffs af- 
ter Moran started to work with the 
Defense Advanced Research Projects 


Agency (DARPA). which sought propos- 
als to harness microbial systems. At first 
she hesitated: “The purpose was to engi- 
neer something, rather than simply to 
understand something, as had been true 
for all my work up until then,” she ex- 
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plains. But she, UT bioengineer Jeffrey 
Barrick, and Ellington got DARPA fund- 
ing to devise methods to alter the bee 
microbiome in ways that would change 
the insect’s traits. Such tinkering might 
make bees more resistant to stresses, for 
example, which could help preserve the 
vital pollinators. To show a proof of prin- 
ciple, UT graduate student Sean Leonard 
recently engineered a bacterium from the 
bee gut to produce RNA that increases pro- 
duction of dopamine, a key neurotransmit- 
ter. Preliminary results suggest those bees 
are better learners as a result. 

Colleagues are curious to see what Moran 
learns next from honey bees or any of the in- 
sects whose inner lives she probes. “She’s not 
just a one-hit wonder,’ says Ute Hentschel, 
a marine biologist at GEOMAR-Helmholtz 
Centre for Ocean Research Kiel in Germany 
who studies sponge-microbe symbioses. “She 
has an amazing capacity to focus things so 
that [new insights] precipitate out.” 

Moran believes that, like most complex 
partnerships, the unions between insects and 
microbes will take a lifetime to unravel. “The 
host and the symbiont communicate in ways 
we don’t understand,” she says. “We’re work- 
ing to figure that out.’ & 
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ARCTIC INTRUDER 


The Polarstern is enabling scientists to spend 1 year frozen in ice. 
Now, they must make sure the ship doesn’t wreck their studies 


Text and photography by Shannon Hall, aboard the Polarstern in the Arctic Ocean 


he flare cut through the sky like a 
firework, sending the polar bears 
into a panic. They sprinted across 
the snow, the mom checking to 
make sure her cub kept pace. 
Nearby, two polar bear guards— 
one who had fired the flare and 
the other armed with a rifle—stood 
on snowmobiles, making sure 
the bears posed no threat to the scientists 
and crew onboard this German icebreaker, 
which is spending 1 year here in the Arctic, 
frozen into the sea ice. 

The bears are an occasional threat to this 
unusual expedition, known as the Multi- 
disciplinary Drifting Observatory for the 
Study of Arctic Climate (MOSAIC). But the 
scientists are also contending with another, 
much larger intruder: their own ship. The 
118-meter-long Polarstern is a sophisticated 


792 15 NOVEMBER 2019 + VOL 366 ISSUE 6467 


floating lab that allows MOSAIC scientists 
to study the atmosphere, sea ice, ocean, and 
life. But the vessel and the equipment it 
carries also produce noise, light, heat, and 
other forms of pollution that can ruin mea- 
surements in this pristine environment. 

The Polarstern’s generators, for instance, 
spew a steady plume of black smoke, com- 
plicating efforts to collect air samples. “We 
are going to be by far the biggest source of 
aerosol particles in the neighborhood, and 
that’s a problem,” says atmospheric scien- 
tist Matthew Shupe of the National Oceanic 
and Atmospheric Administration and the 
University of Colorado (CU) in Boulder. But, 
he adds, “It’s also an opportunity” to under- 
stand how the arrival of more ships might 
affect the Arctic in the future. 

Our encounter with the polar bears oc- 
curred just 6 days after the Polarstern locked 
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itself in the ice near 85° north latitude on 
4 October. The ship had left Troms, Norway, 
in September, then steamed north in search 
of an ice floe thick enough to support the 
scientists and their equipment for the next 
12 months, as they drifted past the North 
Pole before returning to open water between 
Greenland and Norway’s Svalbard archi- 
pelago in the fall of 2020. By then, the some 
300 scientists involved in the $150 million 
MOSAIC project, led by the Alfred Wegener 
Institute (AWI) Helmholtz Centre for Polar 
and Marine Research in Bremerhaven, Ger- 
many, hope to have collected a wealth of data 
that will help reveal how climate change is af- 
fecting the Arctic (Science, 23 August, p. 728). 

Once the Polarstern’s propellers had 
slowed to a stop, causing the ship to grow 
still and quiet, the dozens of researchers 
aboard the first leg of the journey wasted 
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Even locked in the ice, the Polarstern 
produces light, noise, and emissions 
that could affect many studies. 


little time in setting up research sites—with 
names such as “Balloon Town” and “Ocean 
City’—on the surrounding ice. They graded 
tracks for roads, raised instrument towers, 
and strung power lines. (The cables would 
later become chew toys for the polar bears.) 
And they used the ship’s crane and helicop- 
ter to haul heavy equipment onto the icy 
seascape, including a robotic submarine 
that the researchers will drop into a hole 
carved through the 60-centimeter-thick ice. 

In some areas, however, they were care- 
ful to leave vast fields of untouched snow, 
where instruments monitor the floe from 
above and below. Expedition members— 
including the guards responsible for scar- 
ing away bears—were warned not to walk 
or drive snowmobiles across these sites. It is 
but one example of the ways MOSAIC scien- 
tists are working to minimize the so-called 
observer effect, in which the very presence 
of a scientist—or their vessel—can skew 
their observations. 

The Polarstern can’t be shut down com- 
pletely, because it must serve as the expe- 
dition’s power plant, command center, and 
hotel—which some might call a five-star. 
There is a dining room that serves mouth- 
watering cakes every afternoon at tea time, 
a sauna, a swimming pool, a gym, a bar, and 
even small shops where you can buy sweets, 
tobacco, and alcohol. Although the ship is 
passively drifting with the ice, it will guzzle 
15 tons of diesel fuel per day. 
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Some of that fuel powers the ship’s many 
lights. When I learned that I would be 
aboard the Polarstern at MOSAiC’s start, I 
looked forward to experiencing the onset 
of polar night and seeing the North Star— 
which dangles just 40° above the horizon 
where I live in Colorado—twinkle close to 
the top of the sky. But the ship floods the 
ice with light to enable the researchers to 
work safely and efficiently, creating a pow- 
erful glow that blots out the sky. I did not 
see a single star during my 2 weeks aboard. 

For AWI biologist Allison Fong, the glow 
is a problem. She wants to better under- 
stand how microbial plant life survives in the 
Arctic winter, when there is no sunlight for 
months on end, but she can’t study samples 
that have been exposed to artificial light. So, 
once a week she plans to drive a snowmobile 
to what she calls the “dark zone” hidden be- 
hind a fortress of small ridges of snow and 
ice some 500 meters from the ship. There, re- 
searchers will don red headlamps (red light 
doesn’t affect most organisms) and collect ice 
cores that they will analyze back at the ship. 

Oceanographers, meanwhile, are dealing 
with the heat, turbulence, and wastewater 
produced by the Polarstern. “At the main 
site [around the ship], there’s sort of a dead 
zone” for collecting data, says Tim Stanton, 
an oceanographer at the Naval Postgraduate 
School in Monterey, California. To avoid the 
issue, he and others have deployed a handful 
of autonomous instruments, which sit on the 
ice or float in holes, far from the ship. 

The expedition’s own noises, meanwhile, 
have forced atmospheric scientists to build 
special defenses. At a site called “Met City” 
a half-kilometer from the ship, a barrier 
nearly as tall as a person shelters an instru- 
ment that uses pulses of sound to measure 
the density of air, and thus gain insight into 
the structure of the atmosphere. The barrier 
is designed to deaden any artificial noise 
that might rumble across the seascape, such 
as blasts of the ship’s horn and the whine of 
snowmobiles and nearby electronics. 

Then there is the Polarstern’s sooty 
exhaust—a huge problem for the many 
MOSAIC scientists studying the Arctic’s un- 
usually clean air. The researchers want to 
better understand the sources and fates of 
aerosols—tiny particles suspended in the 
atmosphere—that contribute to the forma- 
tion of small ice crystals within clouds. The 
number of crystals can determine whether 
a cloud acts as a blanket to warm Earth or 
an umbrella to shield it from solar radiation. 
But scientists aren’t sure exactly where Arctic 
aerosols originate: Are they swept north from 
land, or are they formed by ocean organisms 
and sent skyward by breaking waves? 

To gain some insight, Lauriane Quéléver, 
a chemist at the University of Helsinki, and 
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her colleagues will spend the next year pull- 
ing air samples through tubes mounted 
on a refashioned shipping container that 
serves as her lab. Instruments will parse the 
samples, analyzing and counting particles. 
Quéléver was astonished to find that the 
number of particles soared to 28,000 per 
cubic centimeter—a few thousand times 
greater than the typical Arctic level—when 
a second icebreaker arrived to swap instru- 
ments, personnel, and fuel. “I really hope 
that I’m going to get some very natural and 
pristine data,” she says. “Otherwise I can 
just go home.” 

A snowstorm or strong wind could help 
her and other scientists by clearing the air, 
but that rarely happened during my stay. 
When I visited CU atmospheric scientist 
Byron Blomquist, he was trying to collect 
air samples at a tower hanging off the ship’s 
bow. But his instruments weren’t sampling 
anything; they had automatically shut down 
after an alarm signaled that exhaust from 
the stern of the ship was enveloping the 
tower. Inside his container, pumps roared 
like vacuum cleaners as they pushed clean 
air out through his instruments, to prevent 
contamination by the smog. 

Yet the Polarstern’s soot presents an op- 
portunity for some researchers. As the Arc- 
tic warms and sea ice melts, shipping in the 
region is expected to increase dramatically. 
Those vessels will likely release black car- 
bon, an aerosol formed by diesel engines. 
When black carbon settles on snow or ice, 
it can hasten melting by reflecting less solar 
radiation and absorbing more heat, a pro- 
cess MOSAIC researchers hope to study in 
detail by sampling ice close to the ship and 
a planned aircraft runway. 

Less than 24 hours after the Polarstern 
settled in, the ship’s emissions were smudg- 
ing the ice. I noticed a black flake as large as 
my fingernail within the icy floe, removed a 
mitten and picked it up, rubbing the flake be- 
tween my fingers. It turned to an oily smear. 

It wasn’t the only preview of what lies 
ahead. Earlier, I stood on the deck of the 
Akademik Fedorov, a Russian research ves- 
sel that participated in MOSAiC’s first few 
weeks, with Jessie Creamean, an aerosol re- 
searcher at Colorado State University in Fort 
Collins. We watched as the Polarstern slowly 
approached, gliding across a sea of ice. The 
sky was gray, with a thin stripe of blue at 
the horizon in every direction—except at the 
spot where the Polarstern had just spent the 
night. There hung a thick yellow and brown 
cloud. “Just think,’ Creamean said, “if we 
open the Arctic to shipping it’s all going to 
look like that.” m 


Shannon Hall is a science journalist 
in Boulder, Colorado. 
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China’s key role in scaling 
low-carbon energy technologies 


Meeting the Paris goals will require collaboration with China 


By John Helveston! and Jonas Nahm? 


eeting the goals of the Paris Agree- 
ment will require net zero green- 
house emissions by 2050 and 
substantial reductions before then. 
It will also require collaboration 
with China, which has emerged as 
the global leader in the mass production of 
low-carbon energy technologies (LCETs). 
In part because of China’s investments in 
manufacturing, the LCETs required to meet 
climate targets have become increasingly 
cost-competitive with fossil fuel sources (J). 
But some attribute China’s rapid rise in LCET 
sectors to unfair industrial policies—such 
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as forced technology transfer requirements, 
massive subsidies, and outright intellectual 
property (IP) theft—aimed at strategically 
dominating the next generation of energy 
technologies (2). Trade relations between 
China and the world are currently unsettled, 
especially with the United States, a leading 
producer of both LCET research and devel- 
opment (R&D) and greenhouse gas (GHG) 
emissions. Against this backdrop, we outline 
why engaging with China is the more promis- 
ing path to accelerate the global deployment 
of LCETs and to rapidly bring new technolo- 
gies to mass production. 

Chinese contributions to LCETs highlight 
key distinctions between invention and the 
complementary assets required to commer- 
cialize a product at scale, such as financial 
investment and competitive manufactur- 
ing capabilities (3). Since joining the World 
Trade Organization in 2001, China has gone 
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from producing 1% to producing 66% of 
the world’s solar panels (4), and Chinese 
wind turbine manufacturers now represent 
roughly one-third of global supply. China 
is also the largest supplier of (and market 
for) electric vehicles (5), and according to 
Bloomberg New Energy Finance, Chinese 
firms are set to increase their control of 
the world’s supply of lithium-ion batteries 
from 69% to 76% in the near future. Plans 
are also under way to nearly double China’s 
nuclear reactor fleet from 45 to 88 plants in 
the coming decade. 

We suggest that it is unrealistic to expect 
that another nation will be able to rival 
China’s capabilities in LCET scale-up in the 
time frame needed to limit climate change 
to below 2°C. The question is not whether to 
engage, but how, acknowledging that China 
has applied protectionist policies and has 
used government procurement directives 
to discriminate against foreign companies 
in domestic markets, including in LCET in- 
dustries. Although it may be improbable that 
one nation can control all aspects of the in- 
novation process—from invention to mass 
commercialization—in the global economy, it 
is just as unreasonable to ignore the impor- 
tance of upholding IP rights and following 
international trade rules. Given the common 
goal of combating climate change, LCET in- 


sciencemag.org SCIENCE 


PHOTO: STR/AFP VIA GETTY IMAGES 


6LOZ ‘8z JOQWASAON UO /Hio Bewesus! 


Aworker inspects a solar panel at a factory in 
Lianyungang in China’s eastern Jiangsu province. 
China’s capabilities in mass manufacturing 
low-carbon energy technologies are critical to 
combating global carbon emissions. 


dustries are a promising place to start ne- 
gotiating better rules of engagement while 
increasing global collaboration to achieve 
rapid emission reductions. 


MANUFACTURING INNOVATION 

China’s capabilities in commercialization 
and mass manufacturing of LCET technolo- 
gies are unmatched in the world today. These 
capabilities did not emerge overnight. They 
relied on unique institutional features of Chi- 
na’s domestic economy that supported invest- 
ments in both innovation and manufacturing 
at a massive scale and over multiple decades. 
No other economy has been willing and able 
to pour even a remotely equivalent level of 
resources into manufacturing expansion and 
R&D in recent history. It is therefore highly 
unlikely that another nation will be able to 
replicate China’s skills in the time frame 
needed to avoid the worst consequences of 
climate change. 

InChina, more than 30 years of institutional 
support from both national and local govern- 
ments enabled entrepreneurial manufactur- 
ers to thrive in LCET sectors. Beginning in 
the 1980s, the central government used finan- 
cial incentives to encourage domestic R&D, 
including applied research in manufacturing. 
Government R&D support expanded in 2006 
when the central government began encour- 
aging “indigenous innovation” (HE!) 
to reduce dependence on foreign technolo- 
gies through increased domestic R&D efforts. 
Such efforts further accelerated under Presi- 
dent Xi’s “Made in China 2025” initiative, 
which has also designated the development 
of domestic LCET sectors as a strategic na- 
tional priority. 

Central government support for R&D ca- 
pabilities was augmented by provincial and 
municipal governments, which, dependent 
on tax revenue from the local manufactur- 
ing economy, set aside indigenous innova- 
tion goals in favor of mass production. They 
brokered bank loans and provided land, facil- 
ities, and tax incentives to manufacturers, in- 
cluding in LCET sectors that were unable to 
attract large-scale financing in other parts of 
the world. State investment in domestic clean 
energy markets further supported local man- 
ufacturers by boosting domestic demand for 
their products (see the figure, upper panel). 

In this environment, our research shows 
that Chinese manufacturers centered their 
R&D efforts on production improvements 
rather than new product R&D. Whereas 
“New Energy” (#86 i) technologies could 
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be licensed, bought, or contracted, capabili- 
ties in innovative manufacturing—including 
the ability to rapidly re-engineer a complex 
product for “cost-out” mass manufactur- 
ing—were difficult to obtain. Chinese manu- 
facturers continued to rely on partnerships 
with foreign firms to access new technolo- 
gies while gradually developing their own 
knowledge-intensive capabilities. As Chinese 
manufacturers in LCET sectors focused on 
commercialization, scale-up, and cost re- 
duction, their innovative manufacturing 
capabilities (rather than basic factor cost 
advantages) emerged as their source of com- 
petitive advantage (6, 7). Even with China’s 
highly supportive domestic institutions, it 
took decades of growing at a breakneck pace 
for Chinese firms to establish the capabilities 
in commercialization and scale-up that the 
world now needs to bring new energy tech- 
nologies to market. 


COLLABORATIVE COMMERCIALIZATION 

If the world has any hope of deploying the 
LCET portfolio in the time frame needed, 
collaboration with China will be essential 
for firms from around the world. The United 
States in particular needs to forge closer rela- 
tionships with China on climate. 

The United States and China account for 
40% of the world’s annual energy consump- 
tion, putting these two nations at the center 
of global efforts to mitigate GHG emissions. 
They are also uniquely equipped to jointly 
address this challenge. Historically, the U.S. 
government has been the largest investor 
in LCET R&D (see the figure, lower panel), 
which has led to major advances in key tech- 
nologies such as solar photovoltaic cells. 
Since the 1980s, however, the U.S. innova- 
tion ecosystem has followed a trend away 
from large, vertically integrated firms that 
were able to invent and produce new tech- 
nologies, and toward smaller, entrepreneur- 
ial firms focused on the generation of new 
ideas. Manufacturing was increasingly out- 
sourced and offshored (8). In many sectors, 
the United States now lacks China’s strengths 
in commercialization and scale-up. Many U.S. 
LCET firms, and startups in particular, stand 
to benefit from collaborating with foreign 
partners to access the capital and specialized 
manufacturing capabilities needed to turn 
their innovations into mass-produced, com- 
mercially viable products. 

Such collaboration is not without prec- 
edent. Access to financial capital and the 
innovations of Chinese manufacturers in 
product scale-up and cost reduction have in- 
creasingly led firms from a variety of coun- 
tries to commercialize technologies in China. 
In LCET sectors, collaborations between 
Chinese manufacturers and non-Chinese in- 
novators have enabled new technologies to 
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be commercialized in larger quantities and at 
increasingly competitive prices. 

Germany, for instance, has benefited from 
China’s rapidly growing wind and solar in- 
dustries through the sale of components, pro- 
duction equipment, and industrial robots. As 
China’s manufacturers became early adopt- 
ers for a variety of mass production technolo- 
gies, relationships with Chinese customers 
became important sources of learning and in- 
novation for German firms (7). In the United 
States, Innovalight, a Silicon Valley startup, 
was able to commercialize its core technol- 
ogy, a silicon ink, only after a Chinese solar 
manufacturer invested a year into jointly test- 
ing the technology under mass production 
conditions that were only available in China 
(6). In some sectors, such as nuclear energy, 
multinationals are seeking Chinese partners 
as part of a survival strategy. With Western 
nuclear energy markets disappearing, these 
firms are moving away from engineering de- 
sign and toward operational and system inte- 
gration services for Chinese facilities in a bid 
to gain access to the capital, customers, and 
competitive component manufacturing avail- 
able in China. 

Successful collaborations with Chinese 
manufacturers have led to multidirectional 
learning: Chinese manufacturers gain tech- 
nological know-how from advanced foreign 
incumbents, and the foreign partners feed 
the manufacturing and scale-up solutions 
their Chinese partners identify back into up- 
stream R&D activities (6, 7). Multinationals 
absorbing production improvements from 
their Chinese manufacturing partners has 
been a long-observed phenomenon in many 
industries (9). If any reshoring of manufac- 
turing is going to occur in the U.S. economy, 
partnering with and learning from Chinese 
manufacturers may be a fruitful strategy. 


RISKS AND CHALLENGES 

Entering into collaborations with Chinese 
firms has not been without risk. China has 
historically set an uneven playing field in its 
domestic market in favor of Chinese firms; 
in some sectors, such as wind energy, for- 
eign firms have been systematically pushed 
out of China’s market through discrimina- 
tory government procurement policies. In 
other industries, such as the auto sector, 
foreign firms have been forced to share IP 
and profits with Chinese partners in order 
to gain market access. Although research 
has shown that forced partnerships have of- 
ten failed to produce serious Chinese com- 
petitors (5, 70), these policies do not create 
an inviting environment for collaboration. 
Allowing foreign firms fair access to its do- 
mestic market is one step China could (and 
should) take to encourage increased collab- 
oration with foreign firms. 
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In some areas, the situation is 
improving. In 2018, the central gov- 
ernment announced that it would 
remove the joint venture require- 
ment for electric vehicle manufactur- 
ers so that foreign firms can wholly 
own their enterprises in China, and 
this ruling will extend to all auto 
manufacturers in 2020. China’s IP 
institutions are also strengthening, 
even though IP theft remains a seri- 
ous problem. In 2014, China estab- 
lished the first dedicated IP courts in 
Beijing, Shanghai, and Guangzhou, 
with additional courts added in 2017. 
Researchers estimate that the vast 
majority of cases in the Beijing and 
Shanghai courts have ruled in favor 
of foreign plaintiffs against Chinese 
infringers, with payments of damages 
to foreign plaintiffs exceeding those 


U.S. innovation, Chinese investment 
The United States is a leader in low-carbon energy technology 


(LCET) innovation, and China is the largest investor in LCET, with 


innovative capabilities in manufacturing and scale-up. 


@ China 
@ Japan 


@ United States of America 
@ Rest of world 


New investment in clean energy technologies 


@ European Union 


this means continuing to support the 
core strengths of U.S. firms and univer- 
sities—the invention of new technolo- 
gies—through increased investments 
in basic and applied research. But the 
technologies that emerge from these 
efforts must eventually be scaled and 
deployed. Working with Chinese man- 
ufacturers can accelerate this process. 
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to Chinese victims of IP theft by as 
much as a factor of 3 (17). And it’s not 
just foreign litigators; in 2015, 88.5% 
of the 11,607 patent cases in these 
courts involved a Chinese plaintiff 
and Chinese defendant (12). 

Governments in China, the United 
States, and elsewhere have an impor- 
tant role to play in mitigating con- 
cerns over IP and fostering global ties. 
They can level the playing field and re- 
duce risks for firms to work with one 
another, and they can help to build and sup- 
port networks of innovators across national 
borders. One example is the U.S.-China 
Clean Energy Research Center (CERC). 
Spearheaded by former U.S. energy secre- 
tary Steven Chu in 2009, CERC established 
a $150 million joint pledge by the U.S. and 
Chinese governments to increase innovation 
in clean energy technologies. Perhaps most 
important, CERC established a Technology 
Management Plan that governed and helped 
mitigate IP concerns. Although little of the 
IP produced by the initiative was jointly cre- 
ated, CERC built trust among participants, 
enabling them to develop new technologies, 
establish new business ventures in both 
markets, and gain additional support for 
technology demonstration projects, all with 
limited IP conflicts (73). 

Beyond IP, concentrating investments 
in scaling current technologies can also 
threaten progress in leading-edge innova- 
tion (4). In sectors with more constrained 
markets, such as optoelectronics, shifting 
manufacturing to East Asia prevented inno- 
vation in more advanced technologies in the 
United States (75). Nonetheless, in the case 
of LCET sectors, the speed of technology de- 
ployment is a more pressing matter. Despite 
the remarkable growth in renewable energy 
in recent years, the world is already well be- 
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strengthen global ties in LCET sec- 
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hind schedule on deploying the necessary 
300 GW of renewable energy capacity every 
year from 2018 to 2030 to meet the goals 
of the Paris Agreement. The world simply 
does not have time to wait for the next gen- 
eration of LCETs, irrespective of where they 
are developed. Greater quantities of current 
LCETs can be immediately deployed with 
the existing capabilities of Chinese firms in 
mass manufacturing, which will set in mo- 
tion the critical learning processes required 
to effectively integrate these technologies 
into future energy systems. 


NOT FIXED OR INEVITABLE 
Climate change is a global problem of un- 
paralleled dimensions that requires a global 
response, including in the invention, com- 
mercialization, and production of technolo- 
gies that can forge deep decarbonization. 
Collaboration was central to the emergence 
of contemporary renewable energy technolo- 
gies (7), and collaboration will be equally 
important in rapid decarbonization through 
deployment of LCETs. Governments around 
the world should work to foster such collabo- 
ration, and establishing initiatives like CERC 
is one promising path toward this goal. 
Addressing grand challenges such as cli- 
mate change will also require fundamental 
advances in technology. In the United States, 
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tors, we cannot lose sight of the cli- 
mate challenge or risk missing the 
narrow remaining window to reduce 
global emissions. Building on the 
advanced mass manufacturing capa- 
bilities of Chinese LCET firms is the 
most promising path toward rapid 
global decarbonization. 
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QUALITY CONTROL 


Translating translation in Down syndrome 


Protein quality control mechanisms may hold the key to treatment of cognitive disability 


By Mark Halliday and Giovanna R. Mallucci 


cross the spectrum of neurological 

disorders, from the developmental 

to the degenerative, clinical features 

and progression are influenced not 

only by disease-specific genetic effects 

but also by more generic mechanisms. 
Dysregulated stress responses are emerging 
as common targets for therapeutic interven- 
tion independently of causal genes, offering 
the tantalizing prospect of new treatments 
for a swathe of diseases irrespective of spe- 
cific etiology. The integrated stress response 
(ISR) is a key player in the control of pro- 
teostasis—the balance between protein syn- 
thesis and degradation that is essential for 
cellular health. Dysregulated proteostasis is 
a common feature of the neuropathological 
landscape, from fragile X syndrome (J) to 
the neurodegenerative disorders Alzheimer’s 
and Parkinson’s diseases (2). On page 843 
of this issue, Zhu et al. (3) provide compel- 
ling evidence that Down syndrome (DS), the 
most common genetic cause of intellectual 
disability, joins the pantheon of neurological 
disorders in which dysregulated ISR signal- 
ing plays a key role. 

DS is caused by trisomy of human chro- 
mosome 21 (HSA21) and classically features 
cognitive disabilities, neonatal hypotonia 
(decreased muscle tone), and craniofacial 
changes. Cardiac defects and susceptibility 
to leukemias are less common features of 
DS. Research on DS etiology has largely fo- 
cused on determining the functional effects 
of the extra gene dosage arising from the ad- 
ditional chromosome. A plethora of mouse 
models of DS have revealed a number of dos- 
age-sensitive genes and genomic regions that 
contribute to cognitive phenotypes that have 
formed the basis for candidate therapeutic 
approaches (4). 

The ISR controls the rate of protein syn- 
thesis initiation (see the figure). A ternary 
complex, composed of eukaryotic initiation 
factor 2 (eIF2, comprising a, B, and y sub- 
units), guanosine triphosphate (GTP, sup- 
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plied by eIF2B), and a methionine transfer 
RNA (tRNA), is loaded onto a ribosome for 
translation to begin at the start codon, AUG, 
on messenger RNA (mRNA) (5). During nu- 
merous cellular stresses, it is beneficial to 
temporarily suspend translation while the 
stress is resolved to avoid protein misfold- 
ing, which is often cytotoxic. This is achieved 
by phosphorylation of eIF2a, which inhibits 
the ability of eIF2B to produce the GTP that 
is essential for ternary complex formation, 
thereby blocking translation. Four kinases 
phosphorylate eIF2a and make up the ISR: 


Overactivated stress response 


in Down syndrome 

Trisomy of human chromosome 21 leads to ISR 
activation through PKR, which phosphorylates elF2a, 
reduces global translation rates, and changes the 
translatome. Approaches that inhibit PKR signaling 
improve learning and memory deficits ina mouse 
model of Down syndrome, opening potential new 
treatments for cognitive disability. 
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elF2a, eukaryotic initiation factor 2a; GCN2, general control 
nonderepressible 2; GTP, guanosine triphosphate; HRI, heme-regulated 
inhibitor; ISR, integrated stress response; ISRIB, ISR inhibitor; Met-tRNA, 
methionine transfer RNA; P, phosphorylation; PERK, PKR-like 
endoplasmic reticulum kinase; PKR, protein kinase RNA-activated. 
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PKR (protein kinase RNA-activated), a sensor 
of viral double-stranded RNA and interferon; 
PERK (PKR-like endoplasmic reticulum ki- 
nase), which responds to misfolded proteins 
in the endoplasmic reticulum and links the 
ISR to the related unfolded protein response 
(UPR) (6); GCN2 (general control nondere- 
pressible 2), activated by amino acid starva- 
tion and HRI (heme-regulated inhibitor), 
which detects heme deficiency (7). 

There is mounting evidence that pro- 
longed ISR activation has detrimental effects 
on cognitive function and neuronal health. 
Learning and the encoding of long-term 
memories are dependent on protein synthe- 
sis at the synapse, which is controlled by the 
amount of phosphorylated eIF2a. Inhibiting 
the ISR either genetically (8) or with the ISR 
inhibitor ISRIB (9), or through similarly act- 
ing compounds (10), improves memory in 
both wild-type mice and memory-impaired 
mice. There is also extensive evidence for 
deregulated ISR in neurodegenerative dis- 
eases. Overactive ISR signaling is observed 
in neurons of patients with Alzheimer’s dis- 
ease, Parkinson’s disease, and related disor- 
ders, as well as in neurons of mouse models 
of neurodegeneration (2). Reducing eIF2a 
phosphorylation, either via ISR or UPR mod- 
ulation, is profoundly neuroprotective in 
these mice, independent of disease-specific 
etiology (2, 11). 

Zhu et al. found reduced translation rates 
and high amounts of phosphorylated elF2a, 
consistent with ISR activation, in the brain 
tissue of a DS mouse model, in human HSA21 
trisomic induced pluripotent stem (iPS) cells, 
and in postmortem brains from individuals 
with DS. Intriguingly, they find that it is the 
PKR axis of the ISR that drives the phos- 
phorylation of eIF2a in DS mice, whereas 
PERK overactivation is tightly associated 
with most neurodegenerative disorders (17). 
The DS mice show several behavioral traits 
thought to be consistent with core cognitive 
deficits in DS, including reduced ability to 
learn in several memory tests (12). The au- 
thors corrected these behaviors by genetic or 
pharmacological inhibition of ISR signaling, 
by targeting PKR or the interaction between 
eIF2a and elF2B. 

How can the reversal of core DS features 
through ISR modulation be reconciled with 
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evidence from genetic studies that targeting 
specific pathways and dosage-sensitive genes 
also rescue some or all of these features? The 
answer may lie in the translatome of the DS 
mice that Zhu et al. examined. They com- 
pared genome-wide transcriptional changes, 
determined by RNA sequencing, with trans- 
lational changes, determined by sequencing 
of polysome-associated (actively translating) 
mRNA in the brains of mice, and found that 
numerous genes were transcriptionally and/ 
or translationally dysregulated in DS mice. 
The translation of more than 80% of down- 
regulated RNAs that were being actively 
translated was rescued by ablation of the Pkr 
gene in the DS mice, including key proteins 
involved in learning, synaptic plasticity, and 
memory storage, which are crucial for cogni- 
tive function. Thus, cognitive dysfunction in 
individuals with DS likely arises, at least in 
part, from global translatome changes that 
can be corrected by ISR inhibition. 

In the future, a detailed analysis of the 
altered translatome may contribute to the 
genetic understanding of DS. Extending 
translatome analysis to other mouse mod- 
els of DS and iPS cells from individuals with 
DS may bring further insights that are also 
relevant for other features of the syndrome, 
such as cardiac deficits and susceptibility to 
leukemias. Why the PKR branch of the ISR, 
specifically, is activated in DS individuals 
and mice is unknown and worth exploring. 
The field of DS research is evolving on many 
fronts, with drugs targeting specific genes on 
HSA21 in clinical trials (3). It is likely that 
treatment of DS will ultimately include both 
generic and specific therapies. The develop- 
ment of ISR inhibitors is a major focus for 
the treatment of neurodegenerative diseases, 
including Alzheimer’s disease (2). The work 
of Zhu et al. raises the possibility that DS 
may also be amenable to this therapeutic ap- 
proach, with the prospect of reducing cogni- 
tive burden in affected individuals. 
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Modeling the early development 
of a primate embryo 


Post-implantation embryos from cynomolgus monkeys 
are cultured for extended periods 


By Patrick P. L. Tam 


ecause mammalian embryos develop 
inside the uterus after implantation, 
they are practically inaccessible for 
direct observation and experimental 
analysis of the developmental process. 
To visualize and study the development 
of post-implantation embryos, it is necessary 
to develop a technology that maintains the 
viability and growth of embryos ex vivo in a 
controlled environment. This is especially the 
case for nonhuman primate embryos, which 
are likely to be adopted for modeling early 
human development. On pages 836 and 837 
of this issue, Ma et al. (1) and Niu et al. (2), re- 
spectively, report in vitro culture methods for 
cynomolgus monkey em- 
bryos and demonstrate their 
utility for gaining insights 
into early primate embryo 
development. 
The laboratory mouse is 
a road-tested animal model 
for mammalian develop- 
ment, and its use for inves- 
tigating the development of 
pre- to early post-implanta- 
tion embryos has been sub- 
stantially enhanced by the ability to conduct 
experiments on embryos that are grown in 
culture for various durations between fer- 
tilization and early organogenesis (2-5). 
However, in view of the disparity of species- 
specific developmental features between 
mice and humans, there are reservations 
about the relevance of translating knowledge 
from mouse models of embryo development 
to primates (including humans). The use of 
human embryos for investigating early post- 
implantation development is limited by the 
ethical prerogative of the procurement of and 
experimentation on human embryos, as well 
as the technical barrier to sustaining nor- 
mal growth and development beyond a few 
days. The ability to grow nonhuman primate 
embryos to post-implantation development 
provides a new model of early primate de- 
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“Information generated 
from the in vitro 
cynomolgus embryo 
model will enhance 
understanding of... 
early embryogenesis...” 


velopment. The similarity of genomic, ana- 
tomical, and physiological attributes between 
cynomolgus monkeys and humans posits 
this nonhuman primate embryo as an ap- 
propriate animal model for studying human 
development. 

Pre-implantation cynomolgus embryos 
have been cultured in vitro from the fertil- 
ized oocyte, generated by in vitro fertilization 
(IVF), to the blastocyst at 7 days post-fertil- 
ization (dpf) (/, 2, 6). The availability of cul- 
tured IVF blastocysts removes the constraint 
of sourcing the scarce experimental material 
(blastocysts or post-implantation embryos) 
from pregnant animals for further culture 
and study. However, there has been little suc- 
cess in using present culture methods to sup- 
port further development 
of the blastocyst. 

The  three-dimensional 
in vitro culture protocols 
reported by Ma et al. and 
Niu et al. have now ex- 
tended the development 
of the blastocyst to the 
equivalent of 19 to 20 dpf 
(see the figure). By then, 
the cultured embryos dis- 
play morphological signs 
of gastrulation: formation of the primitive 
streak (where cells move to the new germ 
layers), emergence of diverse cell types, and 
acquisition of anterior-posterior polarity. 
Gastrulation marks a critical developmental 
milestone of the mammalian embryo, occur- 
ring at ~15 dpf in the cynomolgus embryo 
(6), when a diverse range of cell types of the 
embryonic and extraembryonic tissues are 
specified and are allocated to the primary 
germ layers. 

Tracking the time course of embryo de- 
velopment in culture, as assessed by mor- 
phological landmarks and the appearance 
of constituent cell types, showed that these 
embryos have attained the morphogenetic 
milestones of their in vivo counterparts 
(, 2). Overall, the embryos in culture re- 
capitulated the in vivo development of the 
cynomolgus embryo up to the stage of early 
gastrulation. However, only a fraction (10 
to 22%) of embryos developed normally 
past the initiation of gastrulation to 20 
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dpf. Experience in mouse embryo culture 
indicates that supporting development be- 
yond gastrulation requires the provision of 
enriched culture media and unconstrained 
physical settings that can support extensive 
embryonic growth and the establishment of 
a functional fetal-maternal (placental) inter- 
face (5). Thus, there is a need to further opti- 
mize the present culture methods to enable 
extended post-gastrulation development. 

A wealth of knowledge about the delinea- 
tion of embryonic and ex- 
traembryonic cell types, the 
specification of the germ 
line, and the transition of 
epiblast cells (which give rise 
to the germ cell layers) from 
pluripotency to lineage spec- 
ification has been gleaned 
from single-cell transcrip- 
tome (gene expression) anal- 
ysis of cynomolgus embryos 
in vivo (6, 7). The analysis of 
in vitro embryos by Niu et al. 
and Ma et al. demonstrates 
that the cells of the various 
embryonic and extraembry- 
onic lineages found in the 
embryo in vivo were pres- 
ent in the cultured embryos. 
However, there is some dis- 
cordance in the clustering 
of cell types according to 
transcriptomes between cul- 
tured and in vivo embryos, 
the spectrum of cell types 
may not be represented com- 
pletely in vitro, and not all 
cells of the cultured embryos 
could be matched to known 
in vivo cell types. With the 
availability of multiple da- 
tasets (1, 2, 6, 7), it may be 
informative to reanalyze a 
merged dataset for collating 
the multitude of cell types 
in the in vitro embryo. This 
may reveal whether cells 
in an intermediate state in 
a known lineage, or cells of 
previously undescribed or 
transitory lineage, have been 
captured in the developing 
embryos in vitro. 

A key outcome of gastrula- 
tion is the establishment of a 
blueprint of development ac- 
cording to a body plan that 
determines the composition 
and spatial assembly of pro- 
genitor cells (the building 
blocks of tissues and organs) 
and the form-shaping pro- 
cess of the body parts. The 
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Over ~10 days of culture in 

vitro, the cynomolgus monkey 
blastocyst develops to a gastrulat- 
ing embryo, which forms three 
germ layers and is surrounded 

by trophoblasts (which form the 
placenta) that allow it to adhere to 
the gel substrate to mimic implan- 
tation. Scale bar = 60 pm. 


analysis of marker expression by Ma et al. 
and Niu et al. shows that the key cell types 
were detected at the appropriate develop- 
mental stage and location in the cynomol- 
gus embryos in vitro. The regionalization of 
progenitor cells of different lineages or their 
descendants in the germ layers and extraem- 
bryonic tissues suggests that a body plan may 
have been established after gastrulation. 

The in vitro model also offers the oppor- 
tunity to perform an analysis of the spatio- 
temporal (by developmental 
stage) transcriptome of cell 
populations at defined po- 
sitions in the cynomolgus 
monkey embryo. This may 
reveal the regionalization 
of molecular cell fates (8). 
One way to elucidate the 
cellular architecture of the 
body plan would be to map 
single cells to their inferred 
positions in the embryo by 
computational analysis of 
the transcriptome (9, 10) 
and integrate the results 
with data about the spatial 
distribution of cells of in- 
terest (1). Such a method 
could reveal the spatiotem- 
poral genealogy that is em- 
bedded in the body plan. 
This information would add 
to the lineage trajectories of 
embryonic cells identified 
by Niu et al. and Ma et al. 
in cultured embryos. Analy- 
sis of the transcriptome and 
chromatin accessibility by 
Niu et al. has further un- 
covered the transcriptional, 
signaling, epigenomic, and 
molecular activity under- 
pinning the specification 
and differentiation of cell 
lineages. Additional multi- 
omics analysis of genomic 
function and molecular ac- 
tivity (12, 13) may generate 
a multidimensional body 
plan that could serve as 
the reference of cynomol- 
gus development. These 
findings would engender 
testable hypotheses about 
the role of molecular driv- 
ers of lineage differentia- 
tion, tissue patterning, and 
morphogenesis. 

Information generated 
from the in vitro cynomol- 
gus embryo model will en- 
hance understanding of the 
mechanisms and functional 
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drivers of early embryogenesis and may 
outline a universal blueprint of primate 
development. Translating the knowledge of 
lineage specification and differentiation of 
the nonhuman primate embryo to stem cell 
research will guide efforts in directed dif- 
ferentiation of stem cells to produce clini- 
cally useful cell types and the generation of 
organoids for disease modeling and stem 
cell medicine. Thus, in vitro culture of cy- 
nomolgus post-implantation embryos is a 
valuable experimental tool for primate em- 
bryo research and stem cell biology. 

The embryological findings of this model 
could provide information about errors of 
development in primate embryos. Blas- 
tocysts may be derived from in vitro fer- 
tilization of gametes that carry naturally 
occurring or engineered genetic changes or 
from genetically modified pre-implantation 
embryos. Modeling the phenotype and the 
causal mechanism of genetic diseases may 
inform how errors of development affect 
implantation, embryo viability, morpho- 
genesis, and bodily function in ways that 
may lead to early pregnancy loss and birth 
defects. Such information could enable the 
development of preventive and therapeutic 
treatments and may improve the efficacy of 
assisted reproductive technologies. 

The study of nonhuman primate embryos 
will offer a valuable cross-species reference 
of the developmental milestones of human 
embryos. It could also be informative about 
the “organismal potential” of synthetic em- 
bryos (i.e., whether they can develop like 
embryos in vivo) that are generated from 
stem cells—for example, embryoids from 
embryo-derived stem cells or induced plu- 
ripotent stem cells (/4, 15). Although ani- 
mal embryos grown for research may not 
raise the ethical concerns related to human 
embryo research and genome editing, it is 
imperative that the application of this pri- 
mate embryo model adheres to the ethical 
principles of animal research and welfare. & 
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POLYMER CHEMISTRY 


Cross-linking polyethylene 
through carbenes 


A carbene-forming molecule can glue various polymers, 
even ones lacking functional groups 


By Felix J. de Zwart, Johan Bootsma, 
Bas de Bruin 


he development of universal methods 
for surface modification and cross- 
linking of polymeric materials is highly 
desirable. Mechanical properties of 
natural and synthetic materials rely 
on the ability of the polymeric chains 
to form a three-dimensional (3D) network, 
for example, through cross-linking (J, 2). On 
page 875 of this issue, Lepage et al. 
(3) show that a rationally designed 


methods degrade PP (6). High-energy reac- 
tants tend to react through hydrogen-atom 
abstraction (HAA) and related radical-type 
pathways that damage the polymer. 

Free (singlet) carbenes and _ transition- 
metal carbene complexes can undergo di- 
rect C-H insertion instead of HAA to form 
covalent carbon-carbon bonds even from 
unactivated C-H bonds. Carbenes are used 
for polymer postfunctionalization, as polym- 
erization catalysts and as polymer backbone 


amount of cross-linker added, corroborating 
successful cross-linking of the substrate. The 
bis-diazirine also cross-linked several other 
polymers, such as polyvinylalcohol (PVA). 
For PVA, whether carbene insertion occurred 
through C-H or O-H bonds was not inves- 
tigated, but the latter seems most likely (9). 
This cross-linking methodology could find 
applications in upgrading biopolymers in 
which O-H bonds are ubiquitous. 

The authors also explored application 
of the cross-linker as an adhesive for high- 
density PE (HDPE). Adhesion to this low- 
surface-energy material is difficult—it failed 
for a control sample with a commercial adhe- 
sive (Super Glue). However, the bis-diazirine 
cross-linker showed high performance in 
adhesion tests, and analysis of ripped sam- 
ples revealed a cohesive failure mechanism 
indicative of cross-linking to the HDPE sur- 
face. The cross-linker was also an effective 
synthetic fabric strengthener. 

Lepage et al. assume that in their reactions, 
singlet carbenes are generated that 
insert in a concerted manner into 


bis-diazirine inspired by the well- 
known 3-ary1-3-(trifluoromethyl)-3H- 
diazirine motif can be used for the 
cross-linking of nonfunctionalized 
saturated hydrocarbon polymers. 

In natural macromolecules such as 
chitin and synthetic materials such 
as Kevlar, hydrogen-bond formation 
between amide groups form nonco- 
valent cross-links. Many oil-based 
polymer coatings used in paintings 
and to protect wooden structures de- 
rive their 3D structure and strength 
from covalent cross-links formed in 
radical-based processes. Other exam- 
ples of covalent cross-linking, such 
as vulcanization of rubber and the 


Getting a grip on polyethylene 
Lepage et al. designed a molecule that generates highly reactive 
carbenes that can cross-link unreactive alkyl polymers. 
Polyethylene Light or heat 
releases N, 


Astrong adhesive 
Carbene-glued 
polyethylene (PE) 
sheets are difficult 
to rip apart. 


Carbene- 


Noe generating 
glue 


\ 
\ 


\ : Covalent 


cross-link 
Unlocking carbenes 

Release of N, creates carbenes (C:) 

that bond to polyethylene chains. 


C-H bonds, which makes sense given 
the relatively controlled reactivity to- 
ward cyclohexane. But formation of 
triplet carbenes that react through 
radical processes cannot be fully ex- 
cluded (JO). Radical-type pathways 
could damage polymer integrity, so 
examining the electronic structure of 
the formed carbenes is needed. This 
could also aid in developing carbenes 
that can be generated at lower tem- 
peratures, possibly through transi- 
tion-metal catalysis (4). 

The cross-linker developed by Lep- 
age et al. not only has potential ap- 
plications as an adhesive, but similar 


drying of glues, rely on reactive func- 
tional groups already present in the polymer. 
Polymers such as polyethylene (PE) and 
polypropylene (PP) lack reactive cross-link- 
able groups, but cross-linking can be essential 
to tune mechanical properties. Copolymeriza- 
tion of ethylene or propylene with function- 
alized olefins can introduce reactive groups, 
but the scope of suitable comonomers is lim- 
ited, and important material properties such 
as microstructure and molecular weight can 
become difficult to control (4, 5). It is espe- 
cially challenging to synthesize high-molecu- 
lar weight copolymers with tunable amounts 
of functional groups (5). Mildly efficient 
cross-linking strategies that break carbon- 
hydrogen (C-H) bonds by using high-energy 
radiation or peroxides exist for PE, but these 
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(4, 5, 7). Tri- and tetravalent photoactivatable 
azides and diazirines can cross-link polyeth- 
ylene glycol, but efficient generic cross-link- 
ers for the strengthening of unfunctionalized 
polyolefins have not been developed (8). 
Lepage et al. now report a carbene cross- 
linker containing two diazirine motifs. Free 
carbenes can be generated upon photochemi- 
cally or thermally induced nitrogen (N,) loss 
(see the figure). A drawback of molecules 
containing N, expelling motifs (such as di- 
azirines) is explosion risk, and the authors 
abandoned known bis-diazirine compounds 
because of their volatile and explosive nature. 
They rationally designed a bis-diazirine cross- 
linker that finely balances risk and reactivity 
and generates two free carbenes that insert 
into C-H bonds of the polymer. The tethered 
structure forms cross-links between different 
polymer chains, even those of PE and PP. The 
molecular weight of PP increased with the 
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reagents could be used in paints and 
coatings. Prospective bio-based bind- 
ers such as cellulose and lignin lack readily 
cross-linkable groups such as isocyanates, ke- 
tones, or alkenes. The cross-linking method 
of Lepage et al. may help turn biomass-based 
macromolecules into functional materials. 
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ECOLOGY 


Piling on the pressures to ecosystems 


Identifying dangerous combinations of assaults could prevent ecosystem collapse 


By Peter Manning 


multitude of anthropogenic pressures 
and perturbations now assault the 
world’s ecosystems. The air is enriched 
with carbon dioxide (CO,), tempera- 
ture extremes and droughts happen 
with increasing frequency, and a wide 
range of pollutants accumulate in the soil and 
water, including pesticides, microplastics, and 
excess fertilizer. What is the overall impact of 
these changes—so-called global environmen- 
tal change drivers (or factors)—on ecosystems 
and their functioning? Although a broad 
scope of scientific approaches is used, in- 
cluding observational studies and modeling, 
experiments remain key. On page 886 of this 
issue Rillig et al. (1) present an exciting new 
methodological approach to investigate how 
these multiple pressures affect ecosystems. 

Historically, the dominant approach in 
global change driver experiments is that of 
the full factorial design (hereafter factorial), 
in which drivers are applied to replicate ex- 
perimental units (typically plots of ground), 
while others (the controls) remain unma- 
nipulated. With this design, the effect of each 
driver can be estimated and, if there are mul- 
tiple drivers, their interaction. However, the 
nature of this design means that as the num- 
ber of drivers increases, the experiment gets 
exponentially larger. As a result, multifactor 
experiments are very rare because they are 
simply too expensive, time-consuming, and 
logistically complex to be performed. Rillig et 
al. surveyed soil-based global change driver 
experiments and reveal that >98% of these 
experiments manipulated just one or two 
drivers, with a tiny number (<2%) involving 
three or four drivers. Accordingly, when it 
comes to global change, a fair bit is known 
regarding the effect of certain individual 
drivers (for example, warming, nitrogen de- 
position, and CO, enrichment), but very lit- 
tle is known about the combined impact of 
many drivers. 

The lack of multifactor global change 
driver experiments is problematic because, 
as in nature, such drivers often occur in con- 
cert. For example, an intensive agricultural 
ecosystem near human habitation and indus- 
try may be subject to a cocktail of herbicides, 
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fungicides, insecticides, high concentrations 
of fertilizer, warming, drought, atmospheric 
CO, enrichment, microplastic pollution, soil 
salinization, and heavy-metal contamina- 
tion. A recent meta-analysis of global change 
driver experiments reported that multiple 
drivers affect terrestrial plant communi- 
ties more strongly than single factors (2), 
whereas in freshwater ecosystems, the oppo- 
site is observed (3). However, what happens 
beyond a few well-studied drivers is com- 
pletely unknown. Do the cumulative pres- 
sures of multiple drivers push ecosystems 
out of safe operating space and toward their 
limits? Could a pollutant leave organisms 


Human perturbations bombard agricultural 
ecosystems, but their combined impact is unknown. 


susceptible to drought stress and the nega- 
tive impacts of other pollutants? For such 
questions, both theory and data are absent. 
The limits of factorial design are cleverly 
circumvented by Rillig et al. to investigate 
what happens to soil microbial communities 
and their functioning when multiple drivers 
hit an ecosystem simultaneously. The authors 
applied an experimental approach devel- 
oped in biodiversity-ecosystem functioning 
research. Such experiments emerged more 
than 25 years ago to investigate how the func- 
tioning of ecosystems responds to species ex- 
tinctions. Initially, these experiments had a 
simple design, with high, intermediate, and 
low amounts of biodiversity (4). However, it 
soon became clear that it was impossible to 
distinguish the effects of biodiversity from 
those of certain combinations of species, 
because diverse communities could contain 
species that were not present in any of the 
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low-diversity communities. Because large 
numbers of species cannot be combined in a 
factorial design, a new experimental design 
was developed. In this, species are drawn 
randomly from a pool to form communities 
of varying diversity (5). This allows both the 
effects of individual species and the overall 
effect of species richness to be quantified. 

In the multifactor experiment of Rillig et 
al., global change drivers, rather than species, 
are drawn randomly. In parallel to diversity 
experiments, the effects of individual drivers 
can be estimated, as can the effect of adding 
as many as 10 simultaneous drivers. The find- 
ings support the idea that the effect of many 
drivers is unpredictable from single- and two- 
factor studies. Some ecosystem properties re- 
sponded unpredictably to multiple drivers, 
and more strongly than would be expected 
from their responses to individual drivers. 
Although the experimental approach was ap- 
plied to small microcosms that lack the com- 
plexity of real ecosystems, the study’s design 
is generally applicable to any ecosystem fac- 
ing multiple pressures. Furthermore, thanks 
to its relatively small size (140 replicates), the 
use of this approach in real-world ecosystems 
is also realistic. 

The factorial design has provided great 
insights into how ecosystems respond to spe- 
cific drivers, and the use of such standard de- 
signs has allowed for meta-level studies that 
provide global generalizations (2, 3). Never- 
theless, there is growing recognition that the 
factorial design has often been applied indis- 
criminately. Alternative experimental designs 
are needed to expand and strengthen our un- 
derstanding of ecosystem responses to global 
change (J, 6). For example, future studies may 
merge the multifactor design with the facto- 
rial by strategically adding certain driver 
combinations to the multifactor design to 
measure interactions between important or 
likely drivers. 
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Cellular survival over genomic perfection 


DNA repair pathways permit some damage, leading to mutagenesis but not always cancer 


By Serena Nik-Zainal*? and Benjamin A. Hall! 


amage to DNA occurs continuously. 

DNA quality control mechanisms, 

such as DNA repair and replicative 

pathways, mitigate that damage and 

preserve the DNA sequence. Muta- 

tions are believed to arise when DNA 
lesions are not repaired appropriately, and 
they are thought to be an indicator of in- 
effectual DNA quality control. Yet, DNA 
sequencing of normal tissues reveals that 
considerable somatic mutagenesis is com- 
mon. Mutagenesis appears to be the inevita- 
ble outcome of cellular wear and tear and is 
not necessarily cancer associated. Perhaps 
mutagenesis is not due to failings of DNA 
quality control mechanisms. Rather, such 
pathways may be naturally limited in activ- 
ity, resulting in permissiveness to mutagen- 
esis. We suggest that this is a prioritization 
of survival over genomic perfection, given 
that most DNA damage is inconsequential 
and thus, affordable. 

Water and oxygen are highly mutagenic 
to DNA, but essential for life (7). Hydroly- 
sis and oxidation continuously cause DNA 
modifications that could become perma- 
nently embedded in the genome, as muta- 
tion (J). In addition to endogenous sources 
of DNA damage, DNA is regularly exposed 
to environmental genotoxins such as ul- 
traviolet (UV) radiation or tobacco smoke. 
DNA damage is thus inevitable. DNA qual- 
ity control pathways survey and fix the 
genome to mitigate damage (2, 3). DNA 
damage, such as double-strand breaks, are 
poorly tolerated and if unfixed, can induce 
cell death (2, 3). Moreover, DNA damage 
checkpoints, which pause cell division to 
allow time for DNA repair, highlight that 
maintaining DNA integrity prior to cell di- 
vision is vital for cell survival (4). Compre- 
hensive DNA quality control pathways are 
therefore considered crucial to preserving 
genomic health. 

The biologist Theodor Boveri hypothe- 
sized that aggregations of heritable material, 
later called chromosomes, were associated 
with cancer. His work lay the foundations 
for the somatic mutation theory of carci- 
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nogenesis, in which stepwise acquisition of 
mutations are believed to be central to the 
development of cancer (5). Through statis- 
tical analyses of inherited versus sporadic 
retinoblastoma, Alfred Knudson hypoth- 
esized that two “hits” to DNA (driver muta- 
tions) were necessary to cause cancer. This 
explained early, childhood onset of heritable 
retinoblastoma, because the first mutation 
was inherited. A raft of “driver” mutation 
discoveries soon followed. Cancers carry 
only a handful (less than 10 per tumor) of 
causally implicated driver mutations that 
occur in “cancer genes,” so-called because 
these genes are recurrently mutated across 
many tumors. This buttressed the somatic 
mutation theory and was instrumental to 
the development of targeted therapeutics. 

Cancer cells also carry thousands of “pas- 
senger” mutations believed to be bystander 
events devoid of biological effects. Passen- 
ger mutations are thought to arise because 
of incompetencies of DNA quality control 
pathways to adequately fix DNA damage 
(6). Indeed, an early step in tumorigenesis 
has been proposed to be the induction of a 
“mutator phenotype” (6). Large-scale cancer 
genome sequencing efforts have revealed 
the extraordinary extent of mutagenesis 
such that extensive genetic changes are con- 
sidered pathognomonic of cancer. 

Recently, somatic mutations, including 
driver mutations and high numbers of pas- 
senger mutations, were found to occur in 
normal tissue with no sign of cancer, imply- 
ing that mutagenesis could be extensive in 
normal cells, prior to malignant transfor- 
mation (7). Notably, samples of redundant 
eyelid skin removed at blepharectomy were 
used for ultra-deep sequencing of 74 cancer 
genes, and characteristic mutations asso- 
ciated with skin cancer (e.g., melanoma) 
were found in these nonmalignant tissues. 
Qualitative mutational signatures of UV 
radiation-induced damage were also ap- 
preciable, and the quantitative burden of 
mutagenesis in normal skin was compa- 
rable to that of skin cancers (8). Moreover, 
ultra-deep targeted sequencing of normal 
esophageal epithelium discerned hun- 
dreds of mutated clonal cell populations 
per square centimeter. The cancer gene 
NOTCHI was one of the most commonly 
mutated genes in normal esophageal epi- 
thelium, with a frequency exceeding that 
observed in esophageal cancers (9, 10). In 
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a comprehensive analysis of RNA sequenc- 
ing data from >6000 samples of 29 healthy 
tissue types (11), cancer-associated muta- 
tions were found across tissues, levels of 
mutagenesis were associated with exposure 
to exogenous mutagens and tissue-specific 
proliferation rates, and macroscopic clonal 
expansions were also demonstrable. Hence, 
driver mutations, widespread mutagenesis, 
and even a mélange of competitive clones 
are all compatible with normal tissue and 
are not necessarily associated with cancer 
(see the figure). 

The high number of passenger mutations, 
equivalent to 1000 to 10,000 per genome, in 
normal cells (8, 72) raises questions regard- 
ing why DNA quality control mechanisms 
have failed to limit mutagenesis. Perhaps a 
somewhat counterintuitive perspective (13) 
can be considered: If DNA quality control 
pathways monitor and preserve DNA integ- 
rity too strictly, it could be detrimental to 
cellular survival. The repair of DNA lesions 
has a cost: It requires time and cellular re- 
sources. If every DNA lesion in a cell were 
repaired, avoiding mutations altogether, 
the cellular cost associated with performing 
that repair would have to increase in direct 
proportion to the amount of damage. In 
conditions of high DNA damage—through 
exposure to environmental mutagens, for 
example—DNA repair could be too costly 
for cellular survival. Instead, if restrictions 
or thresholds were placed on DNA qual- 
ity control to perform some repair but not 
necessarily of all lesions, then DNA-repair- 
limited cells are more likely to survive than 
cells caught in comprehensive repair, which 
can lead to cell death (apoptosis). This im- 
plies that DNA quality control pathways are 
fully functional but naturally permissive of 
mutagenesis, even in normal cells. 

Evidence to support this hypothesis 
comes from experiments in which induced 
pluripotent stem cells (iPSCs) were treated 
with an array of environmental genotox- 
ins (72). These normal stem cells accu- 
mulated extensive passenger mutations 
showing distinct mutational signatures. 
Some mutational signatures showed tran- 
scriptional strand bias—whereby the non- 
transcribed DNA strand is more heavily 
mutated than the transcribed strand (12), 
the mark of transcription-coupled repair 
(TCR) activity. TCR fixes DNA damage on 
both strands, but preferentially on the 
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transcribed strand, and its activity in nor- 
mal cells was comparable to that in can- 
cer cells. Accordingly, in iPSCs and cancer 
cells, the presence of strand bias indicates 
that TCR is competent and operative, but 
unable to mitigate all DNA damage, and is 
thus tolerant of mutagenesis. 

Limited DNA quality control during cir- 
cumstances of high damage has been sug- 
gested through mathematical modeling 
(13). The model shows that in a situation 
where individual DNA damaging events are 
rarely deleterious (that is, when most muta- 
tions are passengers) during periods of high 
damage, DNA-repair-unlimited cells incur 
high repair costs and become depleted ow- 
ing to cell death. By contrast, DNA-repair- 
limited cells may continue with cell division 
and survive (see supplementary movies S1 
and 82). This model could be a useful start- 
ing point to explore permissiveness to mu- 
tagenesis. Given that most (~98%) of the 
genome is intronic and intergenic and the 
majority of mutations that arise as a result 
of DNA damage are unlikely to affect pro- 
tein function, the model might explain why 
normal, healthy cells show considerable 
amounts of mutagenesis: survival through 
tolerance of mutation, rather than compro- 
mised DNA quality control processes. 

The tolerance of mutagenesis in normal 
cells can, however, lead to the occurrence of 
new drivers, but not necessarily cancer. For 
example, in the testes of older men, acquired 
mutations in genes encoding components 
of receptor tyrosine kinase-RAS—mitogen- 
activated protein kinase (MAPK) and fi- 
broblast growth factor receptor (FGFR) 
signaling pathways, which are commonly 
associated with cancer, result in increased 
cellular proliferation rates but seldom cause 
cancer. Clonal populations of seminiferous 
tubules generate spermatozoa with these 
mutations. This explains the high sponta- 
neous birth prevalence and strong paternal 
age-effect of disorders such as achondro- 
plasia, Apert, and Costello syndromes—all 
associated with activating mutations in 
MAPK and FGFR signaling genes. A study 
of 276 testicular biopsies obtained from five 
older men (median age of 83) identified ad- 
ditional cancer gene variants, all known to 
activate RAS-MAPK signaling (/4). The ag- 
ing male germ line therefore accumulates 
deleterious cancer driver mutations that 
rarely (if ever) switch to malignancy. 

Another example is segmental overgrowth 
syndromes caused by somatic mutations of 
the cancer gene, PIK3CA (phosphatidylino- 
sitol-4,5-bisphosphate 3-kinase catalytic 
subunit «). Although these syndromes are 
benign in terms of oncology, they can pro- 
duce debilitating clinical phenotypes with 
unrelenting tissue growth (15). Referred to 


SCIENCE sciencemag.org 


Mutagenesis in normal tissue 
DNA repair pathways permit some damage, resulting 
in mutagenesis but not necessarily cancer. Most 
normal tissues are likely to have many clonal 
populations defined by the distinct set of mutations 
that they harbor. 


Normal tissue 
Clonal 
populations 
may develop. 
and increase in 
size or be 
depleted in 
different tissues. 


Tumorigenesis 
Occasionally, one 
clone may become 
dominant in a tissue 
and transform into 
a malignancy. 


Permissive to mutagenesis 


@ Unlimited DNA repair 
© Limited DNA repair 


Division rate 


DNA damage 


Limited DNA repair could promote survival and the 
emergence of clones. 


as PIK3CA-related overgrowth syndromes 
(PROS), affected people are mosaics, 
wherein discrete clonal populations exhibit 
mutations. The most frequent PIK3CA mu- 
tations in PROS (Glu*”Lys, Glu*“°Lys, and 
His’’Arg) are identical to hotspot cancer 
driver mutations although other, non-can- 
cer-associated PIK3CA mutations also occur 
in PROS. Notably, surrounding cells in af- 
fected tissues that are not PIK3CA-mutated 
are also overgrown (15). It has consequently 
been suggested that PIK3CA-mutated cells 
do not simply possess cell-autonomous 
characteristics, they may exert prolifera- 
tion-enhancing properties on neighboring, 
non-P/K3CA-mutated cells. 

Therefore, driver mutations alone are not 
sufficient to initiate cancer, although they 
can be disease-causing. Considering that 
an adult human has ~30 trillion cells, and 
only one cell develops into a cancer, human 
cells are remarkably robust at preventing 
cancer. Because the burden of mutagenesis 
and the frequencies of driver mutations can 
be high in normal tissues, mutations alone 
are possibly not sufficient to initiate cancer. 
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Additional extrinsic factors, including cellu- 
lar interactions and the microenvironment, 
seem to be required to create a selective 
environment that triggers a cell to become 
a dominant cancer clone. It is likely that 
the mutated genome of a cell contributes 
to the potential for malignant transforma- 
tion, but it is not deterministic of it. This 
concept is not unfamiliar: Inherited muta- 
tions in DNA repair genes, such as BRCAI, 
BRCA2, and MLH1 (mutL homolog 1), cause 
familial cancer predisposition. They confer 
an increased lifetime risk of cancer, but can- 
cer does not always arise. Additional factors 
seem to be required to tip the balance to- 
ward cancer development. 

Mutagenesis remains important to ex- 
plore. Identifying clinically relevant drivers 
and mutational signatures should provide 
meaningful directions for patient stratifica- 
tion and prognostication. The use of spe- 
cific driver mutations is a favored method 
for patient stratification in clinical stud- 
ies. However, a cancer gene could play dis- 
parate roles in tumors affecting different 
organs, and its functionality could evolve 
over the patient’s lifetime. Given the muta- 
genesis observed in normal tissues, perhaps 
it is time to reflect on whether this is the 
best approach for stratification. Similarly, 
although many mutational signatures have 
been identified, only a subset are clinically 
instructive—some may occur normally and 
not be causative of cancer. Others may be 
biomarkers of DNA repair deficiencies, 
which are potentially informative for ther- 
apy selection. It is imperative to identify 
mutations that are truly clinically meaning- 
ful, to improve cancer management. 
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GLASSES 


Overcoming glass brittleness 


Thin films of flawless amorphous alumina are ductile at 


room temperature 


By Lothar Wondraczek 


he mechanical reliability of modern 

glass products underlies their diverse 

uses, which include touch panels and 

ultrathin flexible displays, lightweight 

containers, and energy-efficient win- 

dows. Most of these applications rely 
on chemically or thermally strengthened 
silicate glasses that are strong despite being 
brittle, but some, such as optical telecom- 
munication fibers, take further advantage 
of the flexibility of thin materials. A new 
paradigm of glass materials could be en- 
visioned if brittleness could be overcome 
by making glasses ductile. On page 864 of 
this issue, Frankberg e¢ al. (1), using in situ 
transmission electron microscopy and mo- 
lecular dynamics simulations, report condi- 
tions under which thin films of amorphous 
alumina (a-Al,O,) become ductile at room 
temperature. These results address the ma- 
jor challenge for creating “indestructible” 
glasses: initiating unconfined plasticity (ir- 
reversible deformation without fracture) 
that can dissipate mechanical stress within 
an otherwise rigid, disordered network of 
covalent bonds. 

Improving the strength of glass products 
has been a long-standing challenge for glass 
engineers because of the great promise that 
lies in their intrinsic properties. Consider- 
ations based on the atomic interactions in 
conventional oxide glasses predict values of 
theoretical strength that approach or even 
exceed those of the strongest engineered 
materials. The technological opportunities 
that would emerge when these theoretical 
limits could be exploited for practical use 
are legendary. Indeed, Pliny the Elder wrote 
about a glass maker who, after presenting a 
flexible (and probably unbreakable) glass to 
Roman emperor Tiberius (14 to 37 CE), had 
his workshop destroyed so as not to spread 
the knowledge, otherwise materials such 
as copper, silver, and gold would become 
worthless (2). 

Today’s glass products reach only a frac- 
tion of the predicted intrinsic strength be- 
cause of their brittleness. If the mechanical 
energy imparted to the glass by mechanical 
loading is not dissipated by elastic (revers- 
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ible) or plastic (irreversible) deformation, it 
accumulates in the vicinity of microscopic 
flaws and defects. This process leads to lo- 
cal stress concentration, which increases 
with the sharpness of the tip of the flaw (see 
the figure); thus, the locally acting stress 
can be much higher than the externally ap- 
plied one, and the material fails even when 
supporting only a low load. 

Plastic deformation may cause blunt- 
ing or rounding of sharp crack tips, which 
reduces the extent of stress amplification 
and enhances the material’s defect re- 
sistance to obtain much higher levels of 
practical strength (3). However, it is usu- 
ally assumed that brittle glasses do not un- 
dergo plastic deformation in unconfined 


From brittle fracture 
to viscous creep 


Frankberg et al. demonstrate how the specific 
atomic arrangement in amorphous alumina can 
facilitate macroscopic ductility. 


Brittle fracture 
In brittle materials such as silica glass, microscopic 
flaws cause local stress accumulation (region in red). 


Crack Crack 


propagation 


propagation 
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Glass ductility 

Plastic deformation by viscous creep may reduce the 
level of stress amplification through tip blunting, making 
the material damage-tolerant. In amorphous alumina, 
pronounced plastic contributions under tensile loading 
lead to higher strain before failure. 
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loading conditions. Instead of elongating 
or permanently bending, they simply break 
under load. This situation is unlike that in 
metals, where bonding is less localized and 
atomic-scale shear has lower energetic bar- 
riers relative to materials with primarily 
covalent bonding. Fracture occurs before 
the stress level is sufficiently high to initi- 
ate plastic flow. In other words, for plastic 
flow to occur, the acting stress needs to 
reach a threshold at which bond-switching 
reactions are initiated that enable atomic 
rearrangement. At the same time, perma- 
nent bond rupture and processes that fa- 
cilitate cracking (structural cavitation and 
cavity coalescence) must be averted. 

A brittle material must be completely 
flawless if local stress amplification is to be 
prevented. Only then can it accommodate 
macroscopic stress levels approaching the 
predicted intrinsic strength. For example, 
when glass scientists sought to prevent even 
the slightest occurrence of surface defects, 
values of tensile strength exceeding 10 GPa 
were achieved for vitreous silica nanowires 
(4). This value compares to ~1 GPa bending 
strength for state-of-the-art mobile phone 
covers that are made of glasses that have a 
compressive surface layer for strengthen- 
ing. In the previous understanding, such 
stress levels would always result in irrevers- 
ible bond rupture and catastrophic failure 
rather than initiating viscous creep. 

One of the difficulties with glassy mate- 
rials lies in the fundamental nature of dis- 
order. When a given property (such as the 
response to mechanical load) ultimately de- 
pends on the strength of interatomic inter- 
actions and bonding, property predictions 
require accurate knowledge of the spatial 
distribution of bond energy. In the absence 
of such insight, fundamental studies must 
draw from simplified model systems that 
approximate certain structural motifs—in 
particular, packing density, bond direction- 
ality, and structural dimensionality (5). 

One such model is a-Al,O,. Molten alu- 
mina is a fragile liquid; at its melting point 
of 2327 K, its viscosity is only ~30 mPa:s 
(6), compared to 10° Pa-s for an archetypi- 
cal glass-former such as SiO,. Freezing the 
highly mobile molecular arrangement of liq- 
uid Al,O, into a glassy solid would require 
cooling at a rate of several thousand kelvin 
per second. Hence, Al,O, does not typically 
form a glass but forms crystals such as sap- 
phire or ruby, both of which belong to the 
trigonal phase of corundum. a-Al,O, forms 
as a combustion product of aluminum- 
containing solid propellants and may be a 
component of circumstellar dust (7), but 
vapor deposition methods are needed to 
synthesize it for use as an engineering ma- 
terial. Thin layers of a-Al,O, combine a high 
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dielectric constant with a high band-gap 
energy (8), making it relevant for gate elec- 
tronics, insulators, or tunneling barriers in 
microelectronic circuits but also for protec- 
tive layers. 

Whereas everyday silicate glasses are 
composed of SiO, tetrahedra that assem- 
ble through corner-sharing rings to form 
a three-dimensional network, a-Al,O, is 
composed of groups of four- and five-fold- 
coordinated Al atoms. Modeling studies 
suggest that packing creates a distorted 
pentagonal-bipyramidal lattice that has a 
substantially higher packing density than 
that of silica (9, 10). Frankberg et al. argue 
that it is exactly this structural arrange- 
ment that is responsible for room-temper- 
ature creep. The relatively open network of 
conventional silicate glasses facilitates cav- 
itation, cavity coalescence, and fracture; by 
contrast, reactions in which an Al-O bond 
breaks and a new one forms, leading to me- 
chanical relaxation, are much more likely 
in a-Al,O, (by a factor of <25) than simi- 
lar bond-switching reactions in SiO,. Such 
reactions generate localized strain events 
that accumulate into macroscopic flow 
and render the glass ductile. However, the 
material must be free of flaws that would 
trigger local stress amplification and pre- 
vent the generation of a sufficiently high 
homogeneous stress field. 

By demonstrating the requisite conditions 
for generating plasticity in the model of 
a-Al,O,, Frankberg et al. provide an impor- 
tant guideline for materials scientists hoping 
to derive generalized strategies for chemical 
tailoring of the mechanical properties of ox- 
ide glasses. It will not be easy to put these 
findings to use in the design of commodity 
glass products just now. To this end, process 
engineering toward glasses with further re- 
duced flaw propensity and new glass formu- 
lations that combine desirable macroscopic 
properties with microscopic ductility must 
be explored, making use of the specific struc- 
tural features of a-Al,O,. 
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Bicarbonate concentrations in fresh 


water can alter the composition of 
aquatic plant communities, such as 
those in the'Armaris Lagoon at the. 
Menorca Biosphere Reserve/in Spain. 


BIOGEOGRAPHY 


Reuniting biogeochemistry 
with ecology and evolution 


Mining of biological and geochemical data pinpoints 


a key trait of freshwater plants 


By Rafael Marcé?? and Biel Obrador? 


iodiversity conservation strategies 
that adapt to ongoing environmental 
changes require the ability to pre- 
dict global biogeographical patterns 
(1). Research on macroecology—the 
study of relationships between organ- 
isms and their environment at large spatial 
scales—reports a pressing need for new in- 
formation on freshwater species, which show 
exceptionally high declines and extinction 
rates worldwide (2, 3). The anticipation of 
changes in the distribution and community 
composition of freshwater organisms has 
forced scientists to grapple with a complex 
puzzle of interwoven ecological and evolu- 
tionary processes, including the ability of 
autotrophic organisms to convert different 
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sources of inorganic carbon to organic com- 
pounds (carbon fixation). On page 878 of this 
issue, Iversen et al. (4) report on a pioneer- 
ing global analysis of a key functional trait 
in freshwater plants—the ability to use bicar- 
bonate for photosynthesis—as a function of 
geochemical properties of water catchments. 

Classical aquatic ecology studies show that 
algae and macrophytes use various forms of 
dissolved inorganic carbon such as carbon 
dioxide (CO,) and bicarbonate (HCO,>) dur- 
ing photosynthesis. The use of bicarbonate 
is a physiological adaptation to low concen- 
trations of CO, present in many autotrophs, 
which influences species sorting and thus 
has implications for species distribution and 
community assembly (5). Since the days when 
data were “so few that no pattern of bicar- 
bonate utilization” had yet emerged (6), new 
research has substantially increased our un- 
derstanding of bicarbonate use by freshwater 
plants. Still lacking, however, was evidence 
of the global prevalence of this trait and its 
predictability at varying spatial scales. Now, 
Iversen et ai. fill this gap by showing that the 
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global distribution of this trait in freshwater 
plant communities depends on the concen- 
tration of bicarbonate and CO, in water. 

The work by Iversen e¢ al. constitutes a 
breakthrough for at least three reasons. It 
paves the way for future studies of the im- 
pacts of global change on freshwater bio- 
diversity and ecosystem functioning. It 
highlights the need to develop models for the 
dynamics of dissolved inorganic carbon in 
fresh waters that go beyond the mainstream 
focus on CO, emissions to the atmosphere. 
And it constitutes a powerful example of in- 
tegrative ecology across spatial and temporal 
scales and knowledge domains. 

Aquatic ecology developments since the 
1980s have established that the competitive 
advantage of using bicarbonate for photosyn- 
thesis vanishes when the preferred carbon 
source, CO,, is present at high concentrations 
(5). Iversen et al. show that the prevalence of 
this trait differs in lake and river communi- 
ties because of contrasting CO, concentra- 
tions in water. Thus, the concentration of CO, 
acts as a biogeochemical switch for the effect 
of this functional trait on species sorting. 
This switch is in turn modulated by both eco- 
system functioning and geochemical proper- 
ties of catchments (such as the weathering of 
minerals, ecosystem metabolism, air-water 
gas exchange, and hydrology and geomor- 
phology of river networks). 

In terrestrial ecology, different carbon- 
concentrating mechanisms for plant pho- 
tosynthesis offer a convenient predictive 
framework for studying the impacts of cli- 
mate change on biodiversity and function of 
terrestrial vegetation (7). By analogy, the de- 
pendence of bicarbonate use on a switch that 
is sensitive to global environmental changes 
might offer the same opportunity for fresh- 
water research. For instance, in rivers, the 
biogeochemical CO, switch might change 
from off (high CO,) to on (low CO,) depend- 
ing on the response of ecosystem metabolism 
to global changes in temperature and nutri- 
ent levels. In turn, metabolic controls of CO, 
concentrations in lakes might interact with 
ongoing changes of bicarbonate concentra- 
tions in catchments (8). 

The new study also makes a strong ap- 
peal for developing better biogeochemical 
models of river networks that account for 
the full complexity of sources and dynamics 
of dissolved inorganic carbon. The numer- 
ous studies published in the past decade on 
organic carbon fate and CO, emissions to 
the atmosphere have fueled scientists’ un- 
derstanding of the role of inland waters in 
the global carbon cycle (9). However, these 
previous studies often lack a comprehensive 
depiction of inorganic carbon dynamics. 
Iversen et al. show that studies that explicitly 
account for other components affecting the 
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inorganic carbon cycle (such as alkalinity, 
bicarbonate concentration, calcite precipita- 
tion, and weathering) (J0) are instrumental 
for deciphering additional ecological and 
evolutionary processes in fresh waters. Al- 
though it is challenging to integrate complex 
geochemical and biological interactions at 
large scales (17), such models paint a more 
precise picture of the freshwater carbon 
cycle and better inform multidisciplinary 
research on biodiversity conservation and 
Earth-system modeling. 

The biogeochemical switch in Iversen 
et al’s study became apparent through the 
adoption of a multiscale approach (from 
physiological processes to global patterns) 
that combined multidisciplinary sources 
of information (macroecology, physiology, 
biogeochemistry) and pursued synthesis 
between community ecology, evolution, and 
biogeochemistry. This kind of integrative 
ecological study reveals nature’s secrets by 
bridging gaps at the interfaces between sub- 
disciplines (12). Other recent contributions 
highlight the usefulness of this integrative 
perspective for topics as diverse as niche 
definition (13), evolution of symbiotic inter- 
actions (14), and prokaryotic biogeography 
of the deep ocean (15). These varied multi- 
disciplinary advancements do not in any way 
diminish the rapid and invaluable progress 
in biogeochemistry, community ecology, and 
evolution that has resulted from research 
within single knowledge domains. However, 
the findings of Iversen et al. suggest that re- 
search that takes a broad view of ecological 
science has the potential to reveal multifac- 
eted mechanisms that can help scientists to 
predict global changes that inform biodiver- 
sity conservation strategies. 
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IMMUNOLOGY 


Microbes and 
genes in 
heart failure 


Human genetic variants 
and gut microbiota trigger 
cardiac inflammation 


By Slava Epelman 


nflammation of the heart (myocarditis) 

is a life-threating condition that remains 

a poorly understood clinical entity. A va- 

riety of etiologies have been proposed; 

however, defining how risk factors and 

environmental exposures intersect has 
remained elusive. The multifactorial nature 
of host vulnerability highlights the need for 
a personalized medicine approach to make 
progress. On page 881 of this issue, Gil-Cruz 
et al. (1) demonstrate how a confluence of 
factors—including genetic predisposition, 
production of a commensal gut microbial 
autoantigen, and systemic inflammation—to- 
gether trigger the generation of autoreactive 
CD4* T cells that cause autoimmune myocar- 
ditis and cardiac dysfunction in animals and 
patients. This study highlights the parallel 
investigative streams required to make prog- 
ress in complex diseases. 

Patients with cardiac dysfunction in the 
absence of coronary artery disease (called 
nonischemic cardiomyopathy) can gener- 
ally be divided into two categories. The first 
is straightforward and composed of those 
with known or suspected mutations in car- 
diac contractile proteins. The second is called 
idiopathic cardiomyopathy, and thus a cause 
is not known, although this group is thought 
to include patients with prior myocarditis. 
Myocarditis is most commonly triggered by 
cardiac infection, particularly viral infections 
in the Northern Hemisphere and protoazon 
infections in the Southern Hemisphere (2). 
When tracking patients with biopsy-proven 
myocarditis, ~47% of patients have ongoing 
cardiac contractile dysfunction, which is a 
marker of morbidity and mortality (3). Be- 
yond infections, a variety of other risk factors 
can also cause myocarditis, including rare 
inflammatory cardiomyopathies and che- 
motherapeutic agents, which can be directly 
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cardiotoxic or immunomodulatory (3, 4). It is 
unclear if myocardial inflammation is driven 
by a true autoimmune process or nonspecific 
tissue injury in response to cardiac stress. 
Animal studies have modeled autoim- 
mune myocarditis; however, the data are in 
part discrepant with the clinical features of 
disease in humans. In animals, autoimmune 
myocarditis is triggered by immunization 
with cardiac antigens (cardiac myosin) to- 
gether with immune adjuvants (5); by infu- 
sion of dendritic cells loaded with cardiac 
antigens (6); and can be potentially observed 
after experimental myocardial infarction 
(heart attack) (7). These approaches initiate 
acute onset of myocardial inflammation that 
can be modulated by targeting inflammatory 


nizes cardiac myosin heavy chain 6 (MYH6) 
peptides presented by major histocompat- 
ibility complex class II (MHC ID) molecules 
on the surface of antigen-presenting cells, 
which develop spontaneous myocarditis (9). 
They found that Bacteroides thetaiotaomi- 
cron (B. theta), a gut commensal microbe, is 
required to initiate autoimmune myocardi- 
tis. B. theta produces B-galactosidase (f-gal), 
a microbial protein with sequence homol- 
ogy to MYH6. Production of B-gal leads to 
MYH6-specific CD4* T cell proliferation and 
polarization to interleukin-17 (IL-17)-secret- 
ing cells, called T helper 17 (T,,17) cells. IL-17 
is a cytokine involved in inflammatory and 
autoimmune responses (JO). MYH6-spe- 
cific T,,17 cells expanded locally, near the 


Multifactorial initiation of myocarditis 

Bacteroides thetaiotaomicron (B. theta) colonization of the gut and production of 8-galactosidase (B-gal) 
leads to presentation on human leukocyte antigen (HLA)—DQB1 by antigen-presenting cells and local CD4* 

T cell activation and differentiation into T helper 17 (T,17) cells. 8-gal-specific T,17 cells enter the myocardium 
and, in the setting of an unknown inflammatory trigger, myosin heavy chain 6 (MYH6) is recognized by 
8-gal-specific T,,17 cells and autoimmune myocarditis is triggered. 


Antigen- 
presenting 


B-gal peptide 


pathways and immune cells and is similar 
to well-characterized human autoimmune 
diseases (such as rheumatoid arthritis). Un- 
fortunately, early clinical trials that used 
immunosuppressive therapies for myocar- 
ditis had poor responses (8). With clinical 
myocarditis, rarely do clinicians observe the 
steroid-responsive, relapsing and remitting 
inflammatory roller coaster characterized by 
chronic autoimmune diseases. Rather, most 
clinical myocarditis cases exhibit finite and 
non-self-sustaining inflammation. Recent 
data suggest there may be a more apparent 
role for immunosuppression than previously 
appreciated; however, the number of patients 
studied is quite small (3). These data also 
suggest that once inflammation has resolved 
after viral clearance, a subset of patients may 
develop myocarditis that is autoinflamma- 
tory and are susceptible to immunosuppres- 
sion with steroid treatment, for example. 
Gil-Cruz et al. used transgenic mice with an 
engineered T cell receptor (TCR) that recog- 
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Mild inflammation 


No 
additional 
signal 


Inflammatory 
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gut within the colonic mucosa, and subse- 
quently infiltrated the myocardium, driving 
profound cardiac tissue damage and death 
in mice colonized with B. theta strains that 
produce f-gal (see the figure). 

The gut microbiota can influence the out- 
come of both immune- and nonimmune- 
based diseases, and thus, this is a variable 
that must be considered when explaining 
fluctuating responses to therapy. For exam- 
ple, immune checkpoint blockade (ICB) has 
revolutionized cancer immunotherapy by 
targeting immune-suppressive co-receptors 
and thereby promotes robust antitumor 
CD8* T cell responses. The presence of cer- 
tain fecal bacterial species tracked with re- 
sponse to ICB, and fecal microbiota samples 
from mice that responded to ICB that were 
transplanted into nonresponders induced 
an antitumor immune response (J/). Gil- 
Cruz et al. found that patients with biopsy- 
proven myocarditis had higher amounts 
of B. theta in their stool and that B. theta- 
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specific antibody titers correlated with 
progression and severity. Fecal microbiota 
transplantation of only B. theta-contain- 
ing stool from patients with myocarditis 
triggered accumulation of cardiac MYH6- 
specific CD4* T cells in mice. These data 
link myocarditis to the growing body of evi- 
dence that the human microbiota is a criti- 
cal modulator of inflammatory diseases. 

Variants in genes encoding antigen-pre- 
sentation molecules, such as the human 
leukocyte antigen (HLA)-DQB1, a human 
MHC II ortholog, as well as the nature 
of the initial inflammatory trigger (viral, 
bacterial, or drug) have also been linked 
to myocarditis patient variability (72). Gil- 
Cruz et al. observed that both individual 
peptides from B-gal and MYH6 could bind 
HLA-DQB1 molecules, and activated CD4* 
T cells were found only in patients with 
HLA-DQB1*03 variants that recognize both 
MYH6 and -gal. Together, these data sug- 
gest immunological tolerance to self-tissue 
is dysfunctional in a subset of patients with 
myocarditis if the correct peptide and HLA 
variant are present. So, what triggers myo- 
carditis in patients? It seems unlikely that 
expansion of gut B. theta alone (or £-gal 
production) is sufficient. Inflammation 
may be required to initiate the response. In 
animals, viral myocarditis leads to the in- 
filtration of large numbers of inflammatory 
monocytes and antigen-specific CD8* T cells 
without substantial cardiac injury, suggest- 
ing otherwise innocuous viruses could be 
potential triggers of myocarditis in the cor- 
rect patient population (13). 

The human microbiota also generates 
thousands of small proteins with unidentified 
functions that are likely to further modulate 
inflammatory responses (14). By incorporat- 
ing the analysis of gut microbiota compo- 
sition and individual HLA variations into 
clinical trials, understanding patient-specific 
risk profiles for many acute and chronic con- 
ditions that are modulated by the immune 
system are likely to be further refined. 


REFERENCES AND NOTES 


1. C.Gil-Cruzetal., Science 366, 881 (2019). 
2. C.Elamm, D. Fairweather, L.T. Cooper, Heart 98, 835 
(2012). 
3. C.Tschépe, L. T. Cooper, G. Torre-Amione, S. Van 
Linthout, Circ. Res. 124, 1568 (2019). 
4. D.B.Johnsonetal.,N. Engl. J. Med. 375, 1749 (2016). 
5. A.Anzaietal.,J. Exp. Med. 216, 369 (2019). 
6. U.Erikssonetal., Nat. Med. 9, 1484 (2003). 
7. K.Van der Borght et al., Cell Rep. 18, 3005 (2017). 
8. H.S.Chen,W.Wang, S.N.Wu, J.P. Liu, Syst. Rev. 10, 
CD004471 (2013). 
9. V.Nindletal., Eur. J. Immunol. 42,2311 (2012). 
10. D.D. Patel, V.K.Kuchroo, Immunity 43, 1040 (2015). 
ll. C. Jobin, Science 359, 32 (2018). 
12. |.Portig, A. Sandmoeller, S. Kreilinger, B. Maisch, 
Autoimmunity 42, 33 (2009). 
13. X.Clemente-Casares et al., Immunity 47,974 (2017). 
14. H.Sberroetal., Cell 178, 1245 (2019). 


10.1126/science.aaz4400 


15 NOVEMBER 2019 * VOL 366 ISSUE 6467 807 


6LOZ ‘8z JOQWASAON UO /Hio BewaduUaIoS 90UaINS//:djjy WO. peapeojuMOG 


PHOTO: U.S. AIR FORCE PHOTO/SENIOR AIRMAN LAUREN MAIN 


INSIGHTS 


Returning the fallen 


An anthropologist offers compelling context for ongoing 
efforts to repatriate service members killed in Vietnam 


By Montgomery McFate 


ince the U.S. military engagement in 
Iraq and Afghanistan began in the 
early 2000s, there have been no un- 
identified war dead. The number of 
missing-in-action and un- 
recovered  killed-in-action 


cent conflicts in the Middle East is 
also incredibly low—only three de- 
fense contractors captured in Iraq 
have not been recovered. Yet the 
idea of the “unknown soldier” con- 
tinues to resonate strongly and is 
a perennial subject of Hollywood 
movies and popular history. 

Every year, the U.S. Defense 
Prisoner of War/Missing in Action 
(POW/MIA) Accounting Agency 
spends $130 million, nearly 70% 
of which is allocated to operations in South- 
east Asia. Why does the United States spend 
considerable amounts of money and effort to 
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identify and repatriate the remains of service 
members killed in action during overseas 
wars? Sarah Wagner’s book What Remains 
offers a compelling and thoughtful answer. 
Wagner is an anthropologist who previ- 
ously studied the forensic scientific efforts 
to identify the victims of the Sre- 
brenica genocide in Bosnia and 
Herzegovina. In What Remains, 
she provides an ethnographic 
window into the many facets of 
MIA recovery in Vietnam, includ- 
ing the experiences of American 
families who have had_ their 
loved ones repatriated, the work 
of forensic scientists who recover 
and identity human remains, and 
the bureaucratic wrangles of U.S. 
military personnel in the Defense 
POW/MIA Accounting Agency. 
Unlike many other previous 
books on MIA accounting that have fo- 
cused on the political history of the issue 
during the Reagan era or that have chroni- 
cled a single individual’s efforts to recover 
a family member in Vietnam, Wagner 
seeks to understand the social context and 
meaning of MIA forensic accounting. In 
her view, forensic science is not merely em- 
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Flag-draped caskets carrying the remains of U.S. 
service members arrive in Hawaii on 17 June 2011. 


pirical and objective, it also reflects social 
values: “The scientific pursuit of locating 
and naming the unaccounted for reveals 
the values the United States as a nation 
holds most dear—a moral commitment to 
reunite the individual and the homeland,” 
and a faith in the precision of science. 

Because she is an anthropologist, Wagner 
immerses herself in her object of study. For 
this book, she visited the Defense POW/MIA 
Accounting Agency, interviewed MIA fami- 
lies in their hometowns, and took part in a 
recovery mission in Vietnam, which required 
trekking “into the chaotic mess of vines and 
branches, slippery rocks and wet leaves.” 
During the mission, she watched as the fo- 
rensic investigators and their local Vietnam- 
ese counterparts dug and sifted through the 
earth, uncovering a variety of unexploded 
munitions and eventually finding a human 
tooth. “On the surface,” Wagner notes, “teeth 
are not something we typically associate 
with someone’s individual identity, at least 
not in an era in which DNA, our genetic 
‘fingerprint; dominates understandings of 
unique biological markers.” Yet in this par- 
ticular recovery mission, a tooth eventually 
led to the identification of a soldier who had 
died 40 years earlier in a helicopter crash. 

At every turn, Wagner’s book is thought- 
ful and objective, and it seeks to understand 
the deeper context in which forensic science 
takes place. In chapter 3, for example, she 
explores the recent public criticism of the 
U.S. military’s MIA accounting effort, which 
centered on poor leadership, outdated sci- 
ence, and the paucity of results. News reports 
painted a grim portrait of the forensic lab’s 
outdated scientific methods and its resistance 
to forensic genetics. The director was forced 
to step down, and in 2014, congressional and 
public pressure to increase the number of 
MIA identifications led to the restructuring 
of the military's MIA accounting mission. 

As Wagner points out, however, critics of 
the mission not only lacked any real under- 
standing of forensic science but also repre- 
sented just the most recent iteration of the 
long-held “skepticism regarding the federal 
government’s commitment to fulfill its ob- 
ligation to missing war dead.” Criticism of 
the forensic scientific component of MIA ac- 
counting reflects 21st-century ideals about 
the U.S. military. An era of agile and precise 
warfare should be matched, many believe, 
by cutting-edge forensic science. However, 
as Wagner notes, “a militarism championing 
precision and efficacy left little room for the 
messy reality of war’s destruction.” 
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WEAPONS TECHNOLOGY 


The deadly diffusion of lethal technologies 


From 3D-printed guns to weaponized hobby drones, open technologies pose sinister threats 


By George Lucas 


t first glance, Power to the People by 
Audrey Kurth Cronin might be just 
another entry in a long line of works 
devoted to technological fearmon- 
gering and dire threat inflation (J, 
2). Cronin’s warning about techno- 
logical diffusion and its likely impact on 
terrorism, however, should not be classi- 
fied alongside those earlier contributions. 
Rather than broadly faulting emergent le- 
thal technologies, she makes a very focused 
and compelling case for attending to the 
threats posed by open-source “off-the-shelf” 
technologies that are afford- 
able and easily operated, and 
are easily weaponized (3D- 
printed guns and the arming 
of inexpensive hobby drones 
are two relevant examples). 

Cronin invites readers to 
consider specific case studies 
in which similar emergence, 
diffusion, and affordability of 
lethal technology fomented 
and enabled unanticipated 
terrorist activity. Her under- 
lying framework is a theory 
of technological development 
and innovation—referred to as 
lethal empowerment theory— 
that is double-edged. New 
weapons (or weaponizable) 
technology, she argues, often 
enables greater force projec- 
tion in the exercise of political 
power by militaries of conven- 
tional nation-states, but they simultane- 
ously offer new avenues for violent political 
disruption by nonstate actors and organiza- 
tions. The latter groups often outstrip mili- 
tary bureaucracies in terms of ingenuity 
and speed of innovation. 

The first of Cronin’s two principal histori- 
cal examples is Alfred Nobel’s invention of 
dynamite. Dynamite was designed for use 
in deep-shaft mining and building trans- 
portation infrastructure. Accordingly, it was 
easily obtained, and its sale and distribu- 
tion were lightly regulated (if at all) in most 
countries other than Great Britain until af- 
ter World War I. 
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Despite the known dangers associated 
with transporting and using dynamite, it 
was in huge demand worldwide during the 
height of the Industrial Revolution. By the 
end of the 19th century, clever anarchists in 
Russia and France and members of the Irish 
Republican Army began using it to great ef- 
fect, creating small, transportable explosive 
devices that could be remotely detonated in 
public places. 

The second example Cronin considers is 
the AK-47 assault rifle, invented by Soviet 
army sergeant Mikhail Kalashnikov at the 
dawn of the Cold War. Ridiculed by techno- 
logical purists for its clunky inaccuracy, the 
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Crowds gather after an anarchist bombing on Wall Street on 16 September 1920. 


AK-47 nonetheless proved inexpensive, light- 
weight, easy for untrained troops to operate, 
and—perhaps most important—extremely 
durable in the field. As a result, it became 
the weapon of choice for ragtag armies in- 
tent on overthrowing established authorities 
or ushering in new regimes throughout the 
hotly contested developing nations of the 
postcolonial world. 

In both of these historical cases (and in 
many other smaller examples for which 
Cronin provides less comprehensive ac- 
counts), the violent, disruptive innovation 
by anarchists, terrorists, and revolutionaries 
took place against a backdrop of keen inter- 
est by ordinary citizens in the prospects of 
applied scientific advances. This helped fos- 
ter widespread open access to the latest le- 
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Innovation Is Arming 
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Audrey Kurth Cronin 
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thal technologies that were easily adaptable 
to the purposes of violent dissidents. 

Against this grim backdrop, Cronin turns 
to her book’s central objective of examining 
the variety of sinister threats posed by in- 
creasingly open access to emerging lethal or 
potentially lethal technologies. She explores 
the perverse and malevolent 
uses of smartphones, robotics, 
social media, and viral “fake 
news”; of genetic engineering; 
and especially of the built-in 
vulnerabilities afforded by the 
Internet of Things. 

Cronin gives serious con- 
sideration to the chilling po- 
tential misuse of artificial 
intelligence (AI), envisioning, 
for example, the hacking of 
a state-owned, Al-driven un- 
manned aerial vehicle for the 
purpose of shooting down a 
commercial aircraft (a sce- 
nario initially put forward 
by Elon Musk and the late 
Stephen Hawking). Dissidents 
might also seek to disrupt au- 
tonomous passenger vehicles 
in large cities, easily causing 
chaos and casualties. 

In a fitting confirmation of her the- 
sis, shortly after Cronin’s book went to 
press, Kyle Mizokami reported in Popular 
Mechanics on the release of the KUB-BLA, 
a small, affordable suicide drone created 
by the Russian-based Kalashnikov company 
that can be armed with up to three pounds of 
explosives (3). I fear we may be in for a most 
unpleasant ride. 
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Seabirds: Sentinels 
beyond the oceans 


In their Perspective “Seabird clues to eco- 
system health” (12 July, p. 116), E. Velarde 
et al. rightly point out that seabirds pro- 
vide crucial information about the state of 
marine ecosystems. However, they do not 
mention the role of seabirds on land and 
shorelines. Seabirds that forage at sea and 
breed on land play an essential role in 
cross-ecosystem transport of energy and 
nutrients, shaping terrestrial (7) as well as 
marine (2) ecosystems. Seabird colonies 
can provide insight into coastal and island 
environments worldwide (3). 

In terrestrial (4) and adjacent reef 
ecosystems, nutrients from seabird guano 
(such as nitrogen and phosphorus) have 
been shown to enhance productivity, 
growth rate, and functioning of coral reef 
communities (5-9). In addition, because 
seabirds are highly sensitive to invasive 
species, visitor disturbance, noise, and 
light (3), they rely on the tranquility and 
seclusion of breeding sites to reproduce. 
Their distribution and the demography 
are therefore valuable and integrative 
proxies of anthropogenic pressures at 
shore (0, 11). In an era of profound and 
worrying changes that affect both marine 
and terrestrial environments, seabird popu- 
lations are barometers of the health of a 
large variety of oceanic, coastal, and insular 
ecosystems. Up to 47% of all seabird species 
are currently declining, with 37% already 
threatened (12), which will undoubtedly 
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reduce the monitoring opportunities offered 
by these sentinel organisms. 
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Save horseshoe crabs 
and coastal ecosystems 


The Chinese horseshoe crab (Tachypleus 
tridentatus) is one of the oldest marine liv- 
ing fossils. Horseshoe crabs have existed for 
more than 445 million years (J), but popula- 
tions of the Chinese species have plummeted 
in recent decades as a result of increasing 
biomedical demands, harvesting for human 
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Seabirds offer insight into 
the health of both marine 
and.terrestrial ecosystems. 


consumption, and habitat loss (2). Urgent 
action is needed to reverse population 
declines and protect coastal ecosystems. 

Chinese horseshoe crabs play key roles 
in coastal ecosystems as benthic predators, 
prey, bioturbators, and hosts for epibionts 
(3). Their eggs are a major protein source for 
migratory shorebirds (4). However, discov- 
ery and commercialization of the Limulus 
amoebocyte lysate (LAL) test for bacterial 
endotoxin, which uses blood from horseshoe 
crabs, has driven population declines (5). 
More than 610,000 horseshoe crabs were 
harvested and nearly 80,000 killed for LAL 
production in 2012 alone (6). Adult horse- 
shoe crabs are also a prized dish in many 
seafood restaurants. A survey in south China 
found that 132 of 155 restaurants offered 
horseshoe crabs (7). Climate change and 
associated ocean acidification, urbanization, 
land reclamation, and water pollution are 
exacerbating habitat loss, affecting horse- 
shoe crabs’ spawning activities and juvenile 
nurseries (8). Breeding pairs in Guangxi 
Province, the species’ Chinese stronghold, 
declined from between 600,000 and 700,000 
in the 1990s to 40,000 20 years later (9). 
Declining horseshoe crab populations have 
implications for entire coastal ecosystems, 
especially shorebirds (4). 

In March 2019, the International Union 
for Conservation of Nature UCN) listed the 
species as endangered (0). Urgent mea- 
sures are needed to save horseshoe crabs. 
Research into animal-free LAL production 
is a priority (6). Management action should 
focus on protecting spawning and nursery 
habitats. Relatively few Chinese people are 
aware of the horseshoe crabs’ plight. Public 
education is therefore needed, especially 
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for younger generations (17). China’s Belt 
and Road Initiative, including the new 
Maritime Silk Road, could further increase 
illegal cross-border animal trade, includ- 
ing horseshoe crab smuggling (12). More 
international collaboration will be indis- 
pensable for protecting this species. 
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Consider Humboldt’s 
map as intended 


In his News story “Global warming has 
made iconic Andean peak unrecognizable” 
(11 September, https://scim.ag/Chimborazo), 
T. Appenzeller describes current scientific 
work based on Alexander von Humboldt’s 
1807 illustrated map of plant species found 
on Ecuador’s Mount Chimborazo. Some of 
this work has pointed out inaccuracies in 
the map, but it is important to remember 
that Humboldt was well aware of these 
imperfections [(J), p. 44). 

The recent scrutiny that the Tableau 
has received is puzzling. The illustration’s 
legend clearly reads that it is a summary 
of all of the observations by Humboldt 
and fellow botanist Aimé Bonpland in the 
Andes and neighboring countries [(J), p. 
156]. It seems a stretch to draw too fine 
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conclusions from an illustration that aimed 
to synthesize observations over a distance of 
20° latitude (approximately 2200 km) and 
a vertical extent of about 6.3 km (the top of 
Chimborazo is 6268 m) flattened into a two- 
dimensional drawing (the central panel of 
the illustration is 40 by 50 cm with a vertical 
scale of 18 mm for each 500 m) [(J), p. 156]. 
The legacy of the Tableau from a botani- 
cal point of view is the amazing number 
of new plant species amassed during the 
5-year voyage and the contribution to our 
knowledge through publications. Two 
hundred years later, we are still using and 
updating names of the species Humboldt 
observed. His timeless Tableau should be 
considered as originally intended by the 
author: an innovative depiction and a 
clever summary of the colossal information 
his team gathered during their exploration 
of South America’s equatorial regions. 
Carmen Ulloa Ulloa 
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Comment on “Eocene Fagaceae from Patagonia 
and Gondwanan legacy in Asian rainforests” 


Thomas Denk, Robert S. Hill, Marco C. Simeone, 
Chuck Cannon, Mary E. Dettmann, Paul S. Manos 
Wilf et al. (Research Articles, 7 June 

2019, eaaw5139) claim that Castanopsis 
evolved in the Southern Hemisphere from 
where it spread to its modern distribu- 

tion in Southeast Asia. However, extensive 
paleobotanical records of Antarctica and 
Australia lack evidence of any Fagaceae, and 
molecular patterns indicate shared biogeo- 
graphic histories of Castanopsis, Castanea, 
Lithocarpus, and Quercus subgenus Cerris, 
making the southern route unlikely. 

Full text: dx.doi.org/10.1126/science.aaz2189 


Response to Comment on “Eocene Fagaceae 
from Patagonia and Gondwanan legacy in 

Asian rainforests” 

Peter Wilf, Kevin C. Nixon, Maria A. Gandolfo, 

N. Rubén Cuneo 

Denk et al. agree that we reported the 

first fossil Fagaceae from the Southern 
Hemisphere. We appreciate their general 
enthusiasm for our findings, but we reject 
their critiques, which we find misleading and 
biased. The new fossils unequivocally belong 
to Castanopsis, and substantial evidence sup- 
ports our Southern Route to Asia hypothesis. 
Full text: dx.doi.org/10.1126/science.aaz2297 
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Cerris, making the southern route unlikely. 


In a recent paper (1), Wilf et al. described fossils belonging 
to the north hemispheric family Fagaceae (oak family) from 
sediments of Patagonia dated to 52.2 million years (Ma) ago, 
the early Eocene. The fossils comprise one immature (pistil- 
late) infructescence and four mature fruits attached to an 
axis and are assigned to the extant genus Castanopsis on the 
basis of a DNA-scaffold analysis using seven scored morpho- 
logical traits. Wilf et al. state that “the new fossils represent 
... the oldest record, by ~8 million years, of the genus Cas- 
tanopsis” and conclude that “Castanopsis evolved in the 
Southern Hemisphere” and, moving along a “southern 
route,” provided the stock for the modern survivors of Cas- 
tanopsis, ~120 to 130 tree species ranging from northwest- 
ern India to New Guinea and Japan. They speculate that 
this ancestral Castanopsis represents one of several paleo- 
Antarctic plant genera that are today in Southeast Asian 
rainforests. Consequently, numerous younger fossils from 
North America and Eurasia previously assigned to Cas- 
tanopsis must represent “more distant relatives of the ex- 
tant genus” than the Patagonian fossils. 

We acknowledge the importance of the fossil that geo- 
graphically extends the record of Fagaceae but suggest an 
alternative evolutionary and biogeographic interpretation 
that takes into account genetic differentiation patterns of 
modern genera. 

We (i) show that the character suite that links the Pata- 
gonian fossil to modern Castanopsis is plesiomorphic, mak- 
ing its generic assignment ambiguous. We (ii) use the 
extensive pollen and macrofossil record (Australia, Antarcti- 
ca) to demonstrate that a southern route of Fagaceae to 
Southeast Asia currently lacks any fossil evidence. Finally, 
(iii) molecular data reject geographically isolated early evo- 
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lutionary histories of the castaneoid genera Castanea, Cas- 
tanopsis, and Lithocarpus and link them to the Eurasian 
Quercus subgenus Cerris. 

Regarding (i), we note that slightly younger infructes- 
cences from Tennessee described as Castanopsoidea (2) 
share features with the fossil from Patagonia but differ by 
three-flower cupules, a condition also present in modern 
Castanopsis; Castanopsis rothwellii from Patagonia shows a 
character suite that is distinctly primitive within the pa- 
raphyletic Castaneoideae [Fig. 1 and Table 1; character 7, 
inflorescence sexuality, was coded as unisexual for extant 
Castanopsis and Lithocarpus; this should be unisexual and 
mixed instead (3)]. On the basis of the available data, it is 
impossible to decide whether Castanopsoidea and Cas- 
tanopsis rothwellii represent stem Castaneoideae/Fagaceae, 
are extinct sister lineages of Castanea-Castanopsis, or be- 
long to the modern genus. 

Regarding (ii), the southern route of Castanopsis to 
Asia, we note that evidence for such a pathway is currently 
missing. First, the genus was present in North America in 
the late early Eocene (4) less than 4 Ma after C. rothwellit. 
The revised age of the Nut Beds flora in Oregon is 48.32 Ma 
(5). In addition, the genus was present in Europe during the 
Eocene. Second, despite extensive paleopalynological and 
macrofossil work in Antarctica and Australia/Tasmania, 
dispersed pollen, leaves, or reproductive structures of Cas- 
taneoideae or any other Fagaceae, common in the Northern 
Hemisphere during the Paleogene, have never been recov- 
ered from Late Cretaceous to Oligocene strata across Gond- 
wana. Instead, these regions were inhabited by temperate 
rainforests dominated by podocarps, Araucariaceae, Notho- 
fagaceae, Proteaceae, and tree ferns (6, 7), which occupied 
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niches potentially suitable for Fagaceae since the Late Cre- 
taceous. Hence, the southern route hypothesis would re- 
quire that generations of palynologists had overlooked the 
characteristic pollen of Castaneoideae in Gondwanan rec- 
ords. Third, Wilf et al. argue that the Patagonian fossil plant 
assemblages are similar to modern assemblages with “sub- 
stantial Gondwanic history.” We note that a large part of 
modern Castanopsis distribution occurs outside living plant 
communities with substantial Gondwanan history. Modern 
plant communities with Castanopsis differ considerably in 
New Guinea, the Himalayas, and Japan (8). 

Regarding (iii), molecular data reject the notion that 
“North American and European fossils assigned to Cas- 
tanopsis [are] more distant relatives of the extant genus 
than are the new Argentine fossils” and are at odds with the 
southern route hypothesis. Nuclear data (9) show a sister 
relationship of Castanopsis with Castanea. Castanea- 
Castanopsis are close relatives of oaks, genus Quercus. 
Quercus was evolved and started to radiate by the early Eo- 
cene (10). Castanea-Castanopsis were already diverged when 
the North and South American Castanopsis-like fossils were 
deposited. Isolated biogeographic history inevitably would 
have left imprints in plastome signatures of Castanopsis; for 
instance, South American Nothofagaceae (subgenus Notho- 
fagus) have different plastid signatures than their New 
Guinean-New Caledonian sister (subgenus Brassospora) 
despite potential long-distance dispersal (17). Within Notho- 
Jfagus, three divergent, old plastid lineages indicate chloro- 
plast capture and a larger distribution area in the past (72). 
Nuclear-plastid incongruence and strong geographic signal 
in the plastids is also found in core Fagaceae, which include 
all Castaneoideae and Quercus. If the Patagonian fossil rep- 
resented the already diverged genus Castanopsis and if it 
were a precursor of modern-day Asian Castanopsis, one 
should find a divergent and genus-diagnostic plastid signa- 
ture in at least some Castanopsis, with closer affinity to 
New World than to Old World Fagaceae. Shared plastid his- 
tories and near-identical plastid plant barcodes (matK, rbcL, 
atpB-rbcL, trnH-psbA) reflect shared biogeographic histories 
in the eastern hemispheric Quercus subgenus Cerris, Litho- 
carpus, Castanea, and Castanopsis (13-15) and set them 
apart from the western hemispheric Quercus subgenus 
Quercus, Notholithocarpus, and Chrysolepis. On the basis of 
all available genetic data, modern Castanopsis evolved near 
Castanea, Lithocarpus, and the mainly subtropical Eurasian 
oaks (subgenus Cerris), all of which lack a fossil record out- 
side Eurasia but existed during the Paleogene of Eurasia. 
Therefore, the range expansion into South America was a 
dead end in the biogeographic history of the Fagaceae. 

In sum, we are excited by the finding of Wilf and col- 
leagues, but without fossil (Antarctic Castaneoideae) and 
molecular (distinct plastid signature of Castanopsis) evi- 
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dence, we do not see any evidence for the southern route as 
proposed by them. 
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Table 1. Emended and corrected seven-character matrix. Boldface entries are corrected from the Wilf et a/. matrix. 


“Castanopsis” rothwellii 
Castanopsoidea UCPC 
B627a 

Castanopsoidea UCPC 
B849 

Fagus 

Castanea chestnut group 
Castanea pumila group 
Castanopsis fissa group 


Castanopsis group 


Chrysolepis 
Lithocarpus A 


Lithocarpus B 
Notholithocarpus 
Quercus 


Colombobalanus 
Formanodendron 
Trigonobalanus 


Style 
number 


Three 
Three 


Three 
Three 
Six 
Six 
Three 
Three 


Three 
Three 


Three 
Three 
Three 
Three 


Three 
Three 


Cupule 
appendages 


Scaly 
Scaly 


Spinose 


Cupule dehiscence Female flowers 
per node 

Valvate Solitary 
Valvate Solitary? 
Valvate Solitary? 
Valvate 7 
Valvate Solitary/clustered 
Valvate Clustered 
Valvate/hemispheric indehiscent — Solitary 
Valvate/hemispheric indehiscent — Solitary 
Valvate Clustered 
Hemispheric indehiscent Solitary/clustered 
Hemispheric indehiscent Clustered 
Hemispheric indehiscent Clustered 
Hemispheric indehiscent Solitary 
Valvate Solitary 
Valvate Solitary 
Valvate Clustered 


*Difficult to assess on the basis of limited material. 


Publication date: 15 November 2019 


www.sciencemag.org 


Flowers per 
cupule 


One 
Three 


Three 
Two 
Three 
One 
One 


One/three 


More than three 
One 


One 
One 
One 
One to many 


One to many 
One to many 


Valve 
dehiscence 
Partia 
Partial? 


Partial? 
Comp 
Complete 
Complete 

a 


Partial/none 


ete/partial 


ete 


one 


Complete 
Complete 
Complete 


iw) 
fe} 
= 
= 
Inflorescence & 
. Qa 
sexuality @ 
Unisexual* g 
Unisexual* = 
oS 
Unisexual* 3 
oO 
= | 
. ® 
Unisexua @ 
Unisexual/mixed @ 
Unisexual/mixed 8 
Unisexual/mixed2 
° 
: 6 
Unisexual/mixed 9 
S 
Unisexual/mixed < 
Unisexual/mixed s 
S 
Unisexual/mixed: | 
= 
= z o 
Unisexual/mixed 
Unisexua 
Unisexua 
Unisexual/mixed 
Unisexual/mixed 
3 


sOomom  Chrysolepis 
#009800 Lithocarpus A 

a F gO #2 Castanopsis group 
0080000 (olombobalanus* 
#088000 /Jrigonobalanus* 
™#0 80000 formandodendron* 
OOB ooo Fagus 


=0Omm8c0 LithocarpusB 
#008800 Notholithocarpus 


m0 m0 mm Chestnut group 
=O O80 88 (apumila group 


Oo0o0sod Quercus* 
@ O09 00 Gs fissa group 


+4 additional changes 
——_==— i lS 


Omo0000 (astanopsis rothwellii 


Fig. 1. Phylogenetic information content of the seven-character matrix used by Wilf et a/ when using parsimony. 
Phylogenetic framework is from Oh and Manos (9) with a paraphyletic Castaneoideae. Character 7 was incorrectly 
coded in Wilf et al. for Castanopsis and Lithocarpus; character 5 was incorrectly coded for Fagus. Character states for 
characters 1 to 7 are indicated by open or solid squares (top to bottom) for terminal taxa; reconstructed character 
suites (using the standard parsimony model implemented in Mesquite version 3.6) are shown for selected hypothetical 
common ancestors. Tree length is 20. Colors of branches indicate numbers of additional steps (evolutionary changes) 
required by placing the fossil(s) on the corresponding branch. Note that the number of steps does not change whether 
C. rothwellii is placed as sister to all Fagaceae, sister to Fagus, sister to trigonobalanoids and quercoids, or as part of 
Castanopsis. Asterisks indicate genera not included in Wilf et al.'s analysis. 
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Denk ef¢ a/. agree that we reported the first fossil Fagaceae from the Southern Hemisphere. We appreciate 
their general enthusiasm for our findings, but we reject their critiques, which we find misleading and 
biased. The new fossils unequivocally belong to Castanopsis, and substantial evidence supports our 


Southern Route to Asia hypothesis. 


We recently (J) reported two Castanopsis rothwellii fossil 
infructescences from the early Eocene [52 million years 
(Ma) ago] of Argentine Patagonia. These are (we maintain) 
the oldest fossils assigned to the genus by ~8 Ma (2, 3), and 
they co-occur with hundreds of fagaceous leaves indistin- 
guishable from those of living Castanopsis. The same fossil 
beds contain numerous taxa whose close living relatives 
characteristically associate with Castanopsis in New Guinea 
and elsewhere, including Papuacedrus, Agathis, Araucaria 
Sect. Eutacta, Dacrycarpus, a Phyllocladus relative (4), Po- 
docarpus, Retrophyllum, Ripogonum, Eucalyptus, Cera- 
topetalum, Gymnostoma, engelhardioid Juglandaceae, and 
Todea, as cited (1). Nearly all these lineages are well-known 
examples of the Southern Route to Asia confirmed by fossil 
evidence from one or more of Antarctica, Australasia, and 
Asia (5-7), and we concluded that Castanopsis most likely 
had similar biogeographic history. Castanopsis thrives on 
the Australian plate today in New Guinea, and its southern 
range is only a short distance over shallow water from Aus- 
tralia, with which New Guinea had frequent past land con- 
nections and biotic interchanges (8). 

In short, we presented a suite of positive evidence for 
our Southern Route hypothesis that led us to favor the idea. 
Most notably, we reported the first remains of Fagaceae 
trees that grew on Gondwana, clearly identifiable as Cas- 
tanopsis and found in a fossilized New Guinea-type associa- 
tion. However, Denk e¢ al. (9) assert that “evidence for such 
a pathway is currently missing.” 

First, we reject Denk et al.’s appeal-to-authority argu- 
ment: “...the southern route hypothesis would require that 
generations of palynologists had overlooked the characteris- 
tic pollen of Castaneoideae in Gondwanan records.” This 
statement appears biased regarding both South America, an 
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integral part of Gondwana 52 Ma ago (10), and those who 
work there. The current “generation” has found fossil Cas- 
taneoideae in Gondwana (J), even though previous highly 
skilled colleagues had not. 

Second, Denk et al. invoke a moving-the-goalposts ar- 
gument. Even though we just reported Fagaceae fossils sev- 
eral thousand kilometers south of any previous occurrences 
(1), Denk et al. hold that the family did not range any far- 
ther south (their South American “dead end”). Theirs is a 
perilous position because there was no oceanic separation of 
South America and Antarctica 52 Ma ago, and thus no “end” 
to South America (JO); instead, abundant austral biotic in- 
terchange took place at that time (J7). The South American 
“dead end” would also require that Castanopsis went extinct 
in the Southern Hemisphere, then rejoined the same New 
Guinea-type lineages at a much later date via an entirely 
different Holarctic path after crossing several climate zones. 
This scenario seems far less likely than the Southern Route, 
which is supported by our finding the oldest Castanopsis 
already in a perhumid New Guinea-type rainforest associa- 
tion 52 Ma ago in West Gondwana (J). It is irrelevant that 
Castanopsis occurs in other plant associations in its living 
range (9), as we discussed (1). 

Third, Denk et al. wrongly assert that molecular data 
from living Fagaceae can be used to reject a hypothesis 
about the affinities of specific early Cenozoic fossils deter- 
mined from paleobotany (“molecular data reject the notion 
that...”). In so doing, Denk et al. also mistakenly state that 
Castanea “lacks a fossil record outside Eurasia.” The oldest 
fossil Castanea, as we cited (1), is from the middle Eocene of 
Tennessee, not Eurasia. Thus, shared sequences from the 
sister genera Castanea and Castanopsis in all likelihood re- 
flect their common ancestry in the ancient New World, not 


www.sciencemag.org 1 


6L0Z ‘8z JeqWeAON UO /Hio HewWweouUs!os’e0uUsI0S//:di1y Wo papeojuMOGg 


the Old World as Denk et al. argue. 

Fourth, Denk et al. erroneously contend that Cas- 
tanopsis rothwellii, a fossil with so many diagnostic charac- 
ters preserved that it could only be assigned to Castanopsis 
if “found alive” today (J), has plesiomorphic features and 
cannot be placed confidently in the extant genus. Their idea 
rests on a misleading phylogenetic argument (see below), 
and it is unacceptable at face value because it ignores basic 
botany and our detailed taxonomic treatment (J). The diag- 
nostic characters of Castanopsis in the fossils are in no way 
generalized for all Fagaceae, including the spike-like in- 
fructescence axes of numerous solitary, asymmetrical, 
valved, and sutured lateral cupules that entirely enclose the 
single nut, which retains three short, linear, “castaneoid” 
styles with unexpanded stigmas. These features match Cas- 
tanopsis precisely and definitely exclude the fossils from 
placement with Quercus, Fagus, and the trigonobalanoids. 
Within the remaining castaneoid genera, C. rothwellii only 
matches Castanopsis, and thus there is no basis whatsoever 
for separating this fossil from Castanopsis. Denk et al. also 
pose an invalid syllogism by arguing that because Cas- 
tanopsoidea and C. rothwellii have some similar features, 
and the former is an extinct genus, then our fossils do not 
belong in an extant genus. 

Denk et al.’s phylogenetic conclusions from their 
emended tree and matrix are misleading, in that any mor- 
phological matrix includes characters that are relevant only 
for the taxa included in the analysis. Because the fossils are 
castaneoid in all features, we did not include all Fagaceae in 
our original analysis (7) and likewise did not include all 
characters relevant to non-castaneoid fagaceous taxa. Denk 
et al. added several genera to their analysis without adding 
any morphological characters to resolve these additional 
taxa, then used their uninformative result to criticize our 
phylogenetic interpretation as uninformative. In their 
framework, even a living Castanopsis would not resolve in 
Castanopsis! By adding just three relevant characters to the 
Denk et al. scaffold to accommodate the genera they added 
(Table 1), the fossil Castanopsis rothwellii is placed only 
with Castanopsis in the single most parsimonious tree (Fig. 
1). We note that even when the same morphological data are 
used alone, without any scaffold, the fossil resolves with the 
Castanopsis fissa group. We acknowledge our miscoding of 
Fagus for flower number, a typographic error that does not 
affect the outcome of any of our analyses. The other charac- 
ter re-codings by Denk et al. only make the morphological 
data less precise. 

We expected vigorous debate regarding the biogeo- 
graphic implications of our Gondwanan Castanopsis fossils, 
which hold importance for understanding and conserving 
the imperiled southern-sourced associations that survive in 
Asian rainforests (J, 6). Unfortunately, Denk et al. do not 
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advance the discussion. Only time and many more fossils, 
not negative evidence and misleading assertions (9), will tell 
where else the Fagaceae occurred. 
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Table 1. Additional character scores for phylogenetic analysis. Scores are shown in the following order (left to 
right). Stigma: expanded = O; unexpanded = 1. Nut in cross section: triangular/flattened = O; generally rounded = 1. 
Cupule symmetry: symmetrical = 0; asymmetrical = 1. 


Taxon Score 
Castanopsis rothwellii fossils 111 
Fagus 000 
Castanea chestnut group 110 
Castanea pumila group 110 
Castanopsis fissa group 111 
Castanopsis group 11[0,1] 
Chrysolepis 100 
Lithocarpus A 110 
Lithocarpus B 110 
Notholithocarpus 110 
Colombobalanus 000 
Formanodendron OO[O,1] 
Trigonobalanus 000 
Quercus 010 

Fagus 
Formanodendron 


Colombobalanus 
Trigonobalanus 

Chrysolepis 

Lithocarpus A 

Lithocarpus B 
Notholithocarpus 

Quercus 

Castanea chestnut group 
Castanea pumila group 
Castanopsis fissa group 
Castanopsis Castanopsis group 


Castanopsis rothwellii fossils 


Fig. 1. Phylogenetic analysis. Consensus of the two most parsimonious trees, based on the Denk et al. (9) scaffold 
and emended morphological matrix with the addition of the three characters listed in Table 1, generated using the 
same analytical methods described previously (1). See text for discussion. 
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ur cells are in a constant state of flux—growing, dividing, and continu- 
ally responding to their environment. To maintain optimal performance 
of these processes, a range of quality control mechanisms is required. 
Quality control within cells involves a variety of self-regulating activi- 
ties, one of which keeps protein synthesis in balance with the break- 
down of dysfunctional proteins. Similarly, the components from which 
molecules are built must be recycled and redistributed to ensure that 
cellular systems can continue running. Other pathways are important to guar- 
antee that RNA is created faithfully and shuttled through the cell to make 
the right proteins at the right time. Moreover, DNA quality control pathways 
maintain the genetic code while enabling cellular survival and proliferation. 
Our cells contain a variety of organelles that must cooperate during growth 
and cell regulation. A case in point is the need for mitochondria, which have 
their own limited genome, to coordinate their metabolism and growth with 
that of the cell as a whole. A sophisticated set of feedback controls is required 
to keep the nucleus and the mitochondria in sync. 

Failures in cellular quality control are linked to cancer, neurodegeneration, 
and other developmental diseases and diseases of aging. Deciphering the 
mechanistic underpinnings of these quality control processes, whether they 
have limits, and how they are regulated as disease develops should help us 
understand, prevent, and even treat a wide range of conditions. 


Morphology of intracellular membranes revealed by in situ cryo—electron tomography. This 3D segmentation of a 
cellular tomogram contains a representative Golgi stack: cis cisternae (green), cis vesicles (light green), medial 
cisternae (magenta), medial vesicles (light pink), the trans cisterna (blue), trans vesicles (light blue), and the trans 
Golgi network (purple). The endoplasmic reticulum is highlighted in yellow. Other membranes, the nuclear envelope, 
nuclear pore complexes, and ribosomes are shown in gray. 


IMAGE: Y. S. BYKOV ET AL., eLIFE 6, e32493 (2017) 
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SPECIAL SECTION 


QUALITY CONTROL IN THE CELL 


REVIEW 


Cellular quality control by the ubiquitin-proteasome 


system and autophagy 


Christian Pohl'2* and Ivan Dikic??** 


To achieve homeostasis, cells evolved dynamic and self-regulating quality control processes to adapt to 
new environmental conditions and to prevent prolonged damage. We discuss the importance of two 
major quality control systems responsible for degradation of proteins and organelles in eukaryotic 
cells: the ubiquitin-proteasome system (UPS) and autophagy. The UPS and autophagy form an 
interconnected quality control network where decision-making is self-organized on the basis of 
biophysical parameters (binding affinities, local concentrations, and avidity) and compartmentalization 
(through membranes, liquid-liquid phase separation, or the formation of aggregates). We highlight 
cellular quality control factors that delineate their differential deployment toward macromolecular 
complexes, liquid-liquid phase-separated subcellular structures, or membrane-bound organelles. Finally, 
we emphasize the need for continuous promotion of quantitative and mechanistic research into the 
roles of the UPS and autophagy in human pathophysiology. 


he widely adopted anthropomorphic view 
of cellular quality control often considers 
quality control to be a decision-making 
process that discriminates between nor- 
mal and malfunctioning proteins or 
subcellular structures. Its purpose, similar to 
industrial quality control, is to “achieve and 
maintain the fitness for use of its products or 
services” (1). Indeed, mechanisms analogous 
to those of industrial quality control are found 
in cellular systems, such as surveillance, feed- 
back control, and adaptation to altered con- 
ditions. However, cells do not operate on 
management systems that choose between 
quality control measures. Instead, the main 
cellular quality control systems for proteins 
and organelles, the ubiquitin-proteasome sys- 
tem (UPS) and autophagy, are controlled by 
biophysical properties and coordinated at mul- 
tiple layers securing cellular well-being and ap- 
propriate responses to stress and damage. 


Features of the UPS 


The UPS and autophagy were both initially 
thought to act as unspecific bulk recycling 
routes. It is now recognized that they exhibit 
a high degree of specificity involving selective 
enzymatic reactions and discriminatory re- 
ceptors, with modular domain structures that 
deliver substrates either to proteasomes or to 
lysosomes, respectively (Fig. 1). Substrate size 
critically influences pathway choice: The UPS 
mostly degrades single, unfolded polypeptides 
able to enter into the narrow channel of the 
proteasome, whereas autophagy primarily deals 
with larger, cytosolic structures such as protein 
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complexes, cellular aggregates, organelles, or 
pathogens (2). 

The UPS is predominantly driven by ubiquitin 
(Ub) as a degradation tag, which is controlled 
by multilayered, reversible enzymatic reactions. 
These reactions show specific kinetics for each 
substrate, resulting in protein half-lives rang- 
ing from seconds to hours. Ub conjugation is 
carried out by a hierarchically acting enzy- 
matic cascade. First, adenosine triphosphate- 


“Despite their distinct 
degradation mechanisms, the 
UPS and autophagy share 
molecular determinants...” 


dependent Ub activation has to occur (Els, 
n = 2in humans), followed by transfer of a 
Ub thioester to a Ub-conjugating enzyme 
(E2s, n > 50) and formation of an isopep- 
tide bond catalyzed by Ub ligases (E3s, n > 
500 in humans). These latter enzymes are 
endowed with substrate specificity (2, 3). When 
substrates are progressively modified with Ub, 
either at the N terminus (Met’) or at a lysine 
side chain of Ub (Lys®, Lys", Lys”’, Lys’, Lys”, 
Lys*®, Lys®?), various linear or branched Ub 
chains are built. Thus, Ub tags can be diverse 
in structure and will dictate the outcome of 
protein modification, because they can recruit 
accessory factors or receptors harboring Ub- 
binding domains (UBDs), including shuttle 
factors that deliver substrates to the proteasome. 
Poly-Ub Lys**-linked and branched Lys**-Lys™ 
chains serve as the most potent signals for 
degradation by the proteasome. Monoubiqui- 
tination can alter protein localization and 
protein complex stoichiometries; however, 
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recent systematic analyses have revealed that 
monoubiquitination can also target up to 40% 
of proteins for degradation by the proteasome 
(4), particularly proteins of 20 to 150 residues. 
Ub conjugation is readily reversible owing to 
the existence of numerous deubiquitinating 
enzymes (3). 


Macroautophagy and its link to ubiquitin 


The flux of substrates through the autophagy 
pathway is a multistep process that relies on 
protein-protein- and protein-lipid-driven in- 
teractions. The best-characterized form of 
autophagy is macroautophagy (hereafter called 
autophagy), which is characterized by the 
engulfment of cellular material by a double- 
membrane structure, the autophagosome. 
Autophagy is the major response to cellular 
stress, maintains metabolic building blocks 
during periods of nutrient deprivation, and 
eliminates unwanted cellular contents such 
as toxic protein aggregates, damaged organ- 
elles, or intracellular pathogens (2). Autoph- 
agy is initiated by the activation of the ULK1 
kinase complex, which gives rise to a spatio- 
temporally highly restricted enzymatic cascade 
that promotes the local assembly of multi- 
protein complexes. These complexes promote 
the conjugation of members of the ATG8 
protein family [in higher eukaryotes, LC3s 
(nicrotubule-associated protein 1 light chain 3) 
and GABARAPs (y-aminobutyric acid receptor- 
associated protein)] to phosphatidylethano- 
lamine or phosphatidylserine, thereby anchoring 
them into membranes. 

ATG8s exposed on growing autophagic mem- 
branes can also sequester substrates delivered 
by selective autophagic receptors that contain 
LC3-interacting regions or GABARAP-interacting 
motifs (LIRs or GIMs, respectively). Very often, 
these receptors, such as p62/SQSTM1, NBRI, 
NDP52, OPTN, and TAXIBP1, are also equipped 
with UBDs, bridging ubiquitinated proteins and 
autophagic membranes (5). It is estimated 
that more than half of all selective autophagic 
substrates rely on Ub as an “eat me” signal, 
whereas other substrates are recognized in a 
Ub-independent manner (6). 


Ubiquitin and p62 at the crossroads of the 
UPS and autophagy 


Despite their distinct degradation mech- 
anisms, the UPS and autophagy share molecular 
determinants and substrates. Accumulating 
evidence indicates a dynamic cross-talk between 
the two pathways, with Ub playing a role in 
most of the multiple layers of communication. 

First, both systems use Ub as a degradation 
signal for substrates; thus, cellular Ub concen- 
tration as well as accessibility of Ub receptors 
both appear crucial. The most studied Ub re- 
ceptor is p62/SQSTM1, which binds to ubiq- 
uitinated substrates via its Ub-associated (UBA) 
domain, to the proteasome via its Phox and 
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Fig. 1. Overview and comparison of UPS and autophagy. Left: The UPS is autophagy is able to degrade large and heterogeneous cytosolic material, 


characterized by the strong dependence on Ub as a degradation signal and 


including aggregated proteins, organelles, bacteria, and molecular machines. 


on the size limit of substrates. Soluble single proteins are polyubiquitinated in an Substrate labels recognized by the autophagic machinery are more diverse 


inducible and reversible manner. Lys*® (K48)-linked polyUb attached by the and include Ub, lipid-based signals (e.g., galectins), or organelle-intrinsic 
substrate-specific Ub E3 ligase is recognized either by intrinsic Ub receptors of | autophagy receptors that become exposed to the cytosol. A growing phagophore 
the proteasome (e.g., RpnlO or Rpn13) or shuttle factors that are equipped engulfs autophagic cargo that is connected to the ATG8/LC3-decorated 

with both a Ub-binding domain and a domain that binds to the proteasome membrane via LIR motif-containing autophagy receptors. Eventually, the 

(e.g., Ubl, PB1). Before degradation in the inside of the barrel-shaped phagophore closes around the cargo to give rise to the autophagosome that 
proteasome, substrates are deubiquitinated and unfolded. Right: Selective finally fuses with the lysosome. 


Bem1p domain (PBI), and to autophagic mem- 
branes via its LIR domain (5). Hence, p62 
can escort ubiquitinated substrates to the 
proteasome and can also act as an autophagy 
receptor recruiting Ub-conjugated substrates 
to autophagosomes (Fig. 2). Recent studies have 
revealed that competition between proteasomal 
and lysosomal degradation is governed by 
avidity determinants of a complex, rather than 
by individual affinity of receptors for Ub (7). 
Thus, bona fide UPS-dedicated receptors can 
be transformed into autophagy-dedicated recep- 
tors upon formation of oligomers. A switch of 
these receptors between the dimeric and oligo- 
meric or filamentous state determines which 
pathway is used by p62-delivered substrates 
(8). This switch can also be controlled by Ub 
itself: Under conditions of Ub stress (e.g., at 
high concentrations of free Ub as observed upon 
heat shock or prolonged proteasome inhibi- 
tion), ubiquitination can block UBA domain- 
dependent dimerization of p62. This favors 
oligomerization and substrate channeling to 
autophagy (9). 

Second, the proteasome itself can both be 
regulated by and targeted for autophagic deg- 
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radation by ubiquitination. Depending on 
the trigger and the type of ubiquitination, 
ubiquitination can lead to autoinhibition of 
proteasomes (J0) or autophagic degradation 
of proteasomes, also called proteaphagy (11). 
Proteaphagy is observed under chronic amino 
acid starvation and, at lower capacity, under 
basal metabolic conditions. This suggests that 
proteaphagy may act as a key mechanism for 
proteasome turnover (1/7). Proteaphagy was 
first described in plants and yeast, and it can 
be further regulated by compartmentalization 
upon specific stresses. Upon nitrogen starva- 
tion in yeast, proteasomes can be degraded by 
autophagy, whereas during carbon starvation, 
proteasomes are sequestered in proteasome 
storage granules where specific factors (includ- 
ing the HEAT-repeat protein Blm10 and the de- 
ubiquitinating enzymes Rpni1 and Ubp3/Bre5) 
seem to protect them from autophagy (72). 
Third, the UPS and autophagy are also 
linked by various properties of p62 and Ub. 
For example, p62 can recognize proteins that 
expose positively charged or bulky N-terminal 
residues, so-called degradation signals (degrons) 
for the N-end rule pathway, which usually trig- 
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ger proteasomal degradation (73). This binding 
triggers p62 aggregation through formation 
of disulfide bonds between p62 molecules, 
ultimately leading to autophagic degradation 
of the N-end rule substrate. This corroborates 
the notion that receptor oligomerization can 
determine pathway choice. 

The interaction between the UPS and au- 
tophagy is exemplified well when studying 
nutrient shortage or upon inhibition of one of 
the two systems. Acute nutrient stress will lead 
to replenishment of the cellular amino acid 
pool via the proteasomal route before autoph- 
agy is activated (14), and cells will up-regulate 
proteasomal activity at both transcriptional 
and posttranslational levels (15). The critical 
importance of this fast response becomes 
evident upon proteasome inhibition, which 
eventually leads to cell death caused by amino 
acid deprivation (16). In fact, amino acid scar- 
city has been shown to be the critical signal 
that blocks amino acid consumption by protein 
synthesis and activates autophagy through an 
mTOR (mechanistic target of rapamycin)- 
dependent pathway. This results in the bulk 
degradation of cytosolic material in an attempt 
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to rescue the amino acid pool (/6). Further- 
more, proteasome inhibition causes rapid, Nrfl- 
dependent induction of proteasomal subunits 
(15) as well as expression of p62 and GABARAPs, 
which help to sequester ubiquitinated proteins 
into inclusions (77). Similarly, mTOR signaling 
regulates autophagic gene transcription, main- 
ly through phosphorylation and cytoplasmic 
retention of the MiT/TFE-type transcription 
factors TFEB, TFE3, and MITF. Upon nutrient 
stress, dephosphorylation of MiT/TFE transcrip- 
tion factors leads to their nuclear translocation 
and promotes the transcription of autophagy 
genes, Ub receptors (including p62), and lyso- 
somal genes (18), also through Nrfl, which is a 
direct TFEB target gene itself (19). 

Thus, Ub can act on several regulatory layers 
to affect substrate channeling, specifically at 
the level of Ub receptors and more generally 
at the level of proteasome activity. This latter 
type of regulation leads to a transcriptional 
feedback, which is still not well understood 
under physiological conditions. Moreover, au- 
tophagy is directly affected by adaptations in 
the UPS and is subject to an apparently more 
complex feedback regulation. For instance, the 
autophagy-initiating kinase ULK1 is targeted 
for proteasomal degradation during autophagy 


Short-lived protein Protein stress 


Single molecules 
Ub-dependent 


a K48-polyUb 


Protein aggregates 
Ub-dependent 


LLPS 
UBD 
PB p62 body: 
Via PB1 
domain 
Via LIR 
motif 
* 
ny 
1 
Proteasome 


=o K63-polyUb 


progression (20). Similarly, Beclin1, a compo- 
nent of the lipid kinase complex immediately 
downstream of ULK1, requires the activity of 
deubiquitinating enzymes for its maintenance 
at steady-state levels (27). Although these 
two examples require (de)ubiquitination, Ub- 
independent degradation of autophagy pathway 
components that mediate autophagosome- 
lysosome fusion has also been reported (22). 
Further study of the cross-talk and feedback 
between the UPS and autophagy will most 
likely reveal an even greater level of mutual 
control. 


Quality control of cytosolic 
membraneless structures 


As discussed above, substrate processing through 
the UPS or autophagy critically depends on the 
biophysical state of the substrate. Although the 
focus has long been on the two states of soluble 
versus aggregated, more recently it has become 
clear that many proteinaceous, membraneless 
subcellular structures are better described by 
a third biophysical state, a phase-separated 
condensate assembled by liquid-liquid phase 
separation (LLPS). Such structures include 
the centrosome, the nucleolus, Cajal bodies, 
P-bodies, and stress granules. During LLPS, a 
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stimulus-responsive condensation drives the 
spontaneous separation of fluid- or gel-like 
phases when one phase is composed of mol- 
ecules that harbor intrinsic, associative prop- 
erties. Such molecules must be multivalent, 
either harboring multiple adhesive domains 
or linear motifs or harboring polyvalent, in- 
trinsically disordered regions (23). LLPS can 
have outcomes that are hard to predict, and 
molecules showing LLPS need to be evaluated 
systematically to uncover the stimulus or regu- 
latory mechanisms that lead to condensation. 
Recently, such systematic studies have un- 
raveled the importance of LLPS for the UPS 
and autophagy. For example, the ability to 
oligomerize influences the recruitment of a 
Cul3 Ub ligase complex to liquid-like nuclear 
speckles. Self-association of the ligase is induced 
by binding of its substrate adaptor SPOP to 
substrates, which affects localization of the 
ligase and its activity (24). In stress granule 
formation, autophagy pathway components 
can co-partition with stress granules. LC3s/ 
GABARAPs, in particular, show a high degree 
of direct interactions with other granule com- 
ponents (25). In addition, dynamic aspects and 
a cross-talk between the UPS and autophagy 
have been documented for LLPS. The ability 
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Fig. 2. Ub and p62 at the crossroads of UPS and autophagy. The p62 
protein can serve both as a selective autophagy receptor (via its LIR domain) 
and as a proteasomal shuttle factor (via its PB domain) for ubiquitinated 
substrates. The pathway choice depends on the oligomeric state of p62. 
Left: The p62 dimer recognizes single protein molecules labeled with 
K48-linked polyUb via its UBA domain and shuttles them to the proteasome 
via interaction of its PB domain. Middle left: Binding to K63-linked polyUb 
chains induces oligomerization of p62 via its PB domain and liquid-liquid 
phase separation, resulting in the formation of p62 bodies that subsequently 
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recruit autophagic membranes via the LIR domain. Middle right: A high 
concentration of cellular Ub can lead to oligomerization of p62. The process 
involves ubiquitination of p62 at multiple lysines, resulting in destabilization 
of UBA dimerization and PB1-mediated oligomerization, which favors LIR- 
mediated autophagic targeting of polyubiquitinated cargo. Right: Oligomer- 
ization can also be induced independently of Ub: N-degrons bound by the ZZ 
domain of p62 promote formation of p62 oligomers stabilized by disulfide 
bridges between PB1 domains. Again, oligomeric p62 favors the autophagic 
route via LIR-mediated interactions. 
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of p62 to oligomerize and the multivalence 
of poly-Ub chains recognized by it can drive 
both phase separation and segregation of the 
substrates into autophagic degradation (26). 
In contrast, for proteasomal Ub receptors 
such as ubiquilins, partitioning through LLPS 
is inhibited by binding to 
mono-Ub or Ub chains, which 
block multivalent interac- 
tions between ubiquilin moi- 
eties (27). Ubiquilins can affect 
autophagy in more indirect 
ways (most likely not requir- 
ing LLPS) by regulating ly- 
sosomal acidification (28). 
Hence, to evaluate dynamic 
changes and steady states of 
proteasomal versus autophagy- 
dependent degradation of 
stimulus-responsive con- 
densates, a proper character- 
ization of their biophysical 
properties will be crucial. 
In most of these systems, the physiological 
relevance of LLPS in vivo still needs to be 
addressed. 


Quality control of organelles 


Quality control of damaged or superfluous 
organelles is largely driven by selective au- 
tophagy (also called organellophagy) (Fig. 3). 
This is a critical step in cellular surveillance 
because multiple cellular functions depend on 
proper functioning of organelles. Exhausted or 
damaged organelles are recognized by dedi- 
cated autophagy receptors that are localized 
in organelle membranes or are recruited from 
the cytosol. These receptors harbor LIR or GIM 
motifs that facilitate incorporation into nascent 
autophagosomes. Autophagy-mediated turn- 
over of mitochondria (mitophagy) is a partic- 
ularly well-studied example. Mitophagy occurs 
during different physiological situations that 
rely on different types of autophagy receptors: 
The family of NIX/BNIP3 mitochondrial au- 
tophagy receptors promote mitophagy during 
development or erythrocyte maturation indepen- 
dently of Ub signals (29). In contrast, mitophagy 
of damaged or depolarized mitochondria relies 
on ubiquitination of several proteins of the 
outer mitochondrial membrane driven by the 
PINK1-parkin pathway (30). UBD-containing 
autophagy receptors, including OPTN, NDP52, 
p62, NBR1, and TAXBP1, link ubiquitinated 
mitochondria with autophagic membranes 
(31, 32). In addition, OPTN and NDP52 can 
also recruit ULK1 directly to ubiquitinated 
mitochondria to initiate autophagosome for- 
mation locally (37). Such spatiotemporal con- 
trol of ULK1 activation is dependent on the 
TBK1 kinase, but not on AMPK (adenosine 
monophosphate-activated protein kinase) or 
mTOR activities or the presence of ATG8/LC3, 
and is common for multiple selective autophagy 
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“there is 
accumulating evidence 
that autophagy and 
the UPS are 
simultaneously affected 
and may mutually 
affect each other in a 
variety of diseases.” 


processes, including, for example, bacterial 
clearance (xenophagy) (33). 

Another recently characterized example of 
organellar quality control is the autophagic 
degradation of topologically distinct domains 
of the endoplasmic reticulum (ER), or ER-phagy. 
Deficiencies in ER-phagy have 
been linked to several human 
diseases, including neuropa- 
thies (34). Several ER-phagy 
receptors have been identi- 
fied that mediate the deliv- 
ery of ER tubules (RTNB, 
ATL3), ER tubular junctions 
(TEX264), ER-luminal com- 
ponents (CCPG1), and ER 
sheets (FAM134B) to autoph- 
agic membranes (34). ER- 
phagy is also indirectly linked 
with UPS functions because 
it degrades substrates of the 
ER-associated degradation 
(ERAD) pathway. FAM134B, 
through the cooperation with the ER chaper- 
one calnexin, mediates the quality control- 
dependent turnover of ER luminal proteins 
that are refractory to ERAD, such as misfolded 
procollagen (35) or o1-antitrypsin Z (ATZ) (36). 
A recent study has revealed the requirement 
for some components of the COPII secretory 
pathway for ER-phagy of procollagen (37) and 
ATZ in the lysosome (38). Thus, multiple ER- 
phagy pathways may deliver protein aggregates 
within the ER to the lysosome. Interestingly, 
growing ER-phagy vesicles at ER exit sites 
(ERESs) (containing procollagen, Ub, and COPI 
elements) may be directly bridged to the ly- 
sosome (37). 

Accumulating evidence suggests that some 
forms of selective autophagy can be mediated 
by noncanonical autophagy pathways. A cru- 
cial indication of the existence of such path- 
ways came somewhat unexpectedly from the 
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reexamination of drugs claimed to block canon- 
ical autophagosome formation (including ion- 
ophores, such as CCCP, or basic lipophiles, such 
as chloroquine). However, these chemicals do 
not block flux in the canonical pathway, as 
previously thought, but rather induce lysosomal 
LC3/GABARAP lipidation at single membranes 
and do so independently of ATG9, ATG13, or 
PI3P generation (39). Direct lipidation of LC3s/ 
GABARAPs on single membranes in the form 
of LC3-associated phagocytosis (LAP) functions 
also in a wide range of physiological processes, 
such as the vision cycle, neurodegenerative 
disease, tumor cell immunotolerance, and 
bacterial infection (40). Further analysis of 
the functions of organellophagy in normal 
physiology might thus allow us to modify 
key hypotheses in the field, especially con- 
cerning the existence of physiologically rel- 
evant noncanonical pathways that act in 
parallel to or instead of the canonical autoph- 
agy pathway. 


Implications for pathophysiology 


Although often found in the context of the 
same pathophysiologic conditions, the UPS and 
autophagy are mostly examined as discrete 
entities. Indeed, the simultaneous investigation 
of the two pathways in any given pathology 
entails a huge experimental effort. Nonetheless, 
there is accumulating evidence that autophagy 
and the UPS are simultaneously affected and 
may mutually affect each other in a variety of 
diseases (47). This has been particularly evident 
in disorders of the central nervous system that 
involve inflammatory or immune alteration, such 
as Parkinson’s, Alzheimer’s, and Huntington’s 
diseases (42). Also, in several types of cancer, 
molecular links between the UPS and autoph- 
agy have been discovered (2), but general con- 
cepts have not yet been demonstrated in clinical 
settings. A main reason for this is that the 
cell-autonomous and -nonautonomous roles 


Contribution of proteasome 


Control of mitochondrial 
PINK] levels, degradation of 
several Parkin-substrates 


Unknown 


ER-resident ER-phagy 


Unknown 


receptors: FAM134B, 
CCPGI, RTN3, ATL3, 
TEX264 


Proteaphagy —Starvation-induced 


(@ polyubiquitination 


recruits p62 


Unknown 


Fig. 3. Summary of Ub dependency of organellophagy. Depending on the type of organelle, 
selective autophagic degradation of exhausted or damaged organelles may involve both Ub-dependent 
and -independent autophagy receptors and may also involve proteasomal activity. 
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of autophagy are not yet fully understood, 
not only with respect to metabolic adaptations 
within the tumor tissue itself but also in regulat- 
ing host tissue adaptation (43). Moreover, im- 
mune responses to tumors seem also to rely on 
noncanonical forms of autophagy (40). Thus, 
understanding the cross-talk of the two sys- 
tems is highly relevant for therapeutic ap- 
proaches involving the inhibition or activation 
of either one. For example, the proteasome in- 
hibitor bortezomib has been used successfully 
in the treatment of cancers such as multiple 
myeloma (41). However, as discussed above, 
prolonged inhibition of the proteasome will 
eventually lead to activation of autophagy, 
which can in turn be exploited as a prosurvival 
mechanism by cancer cells. Several reports 
have also indicated the highly contextual role 
of autophagy, suggestive of a highly dynamic 
and complex influence of autophagy in differ- 
ent types of cells as well as at distinct stages of 
cancer development (42). 


Conclusion 


The UPS and autophagy act as an integrated 
quality control network embedded in the gen- 
eral cellular stress response. However, the UPS 
and autophagy are still primarily investigated 
from a unicellular perspective that neglects 
the complexities arising in multicellular con- 
texts. Thus, in the physiological context, many 
aspects regarding the mechanisms of selectiv- 
ity and cross-talk remain elusive. Specifically, 
unraveling the kinetics, feedback controls, and 
membrane dynamics will require the develop- 
ment of methods to locally determine protein 
quantities and stoichiometries for the UPS 
and autophagy machineries in vivo. Also, it 
will be crucial to better understand the inter- 
play among LLPS, ubiquitin, and autophagy, 
eventually allowing researchers and physicians 
to target the UPS and autophagy in patho- 
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physiological processes that are associated with 
defective LLPS, like those observed in neuro- 
degeneration. For the latter to be successful, 
a combination of biophysical experiments 
and modeling should help us to identify the 
constraints of autophagic membrane for- 
mation around phase-separated subcellular 
structures and how this is modulated by Ub- 
dependent mechanisms. Finally, the recent 
discoveries on organellophagy and the grow- 
ing list of physiological processes depending 
on noncanonical autophagy pathways neces- 
sitate a reexamination of quality control in vivo. 
This will require the adaptation of quantita- 
tive, molecular tools from cellular to animal 
and organoid models, as well as engineering 
tools for the administration of chronic and 
low-dose stress in vivo to better mimic human 
pathophysiology in cancer, chronic infection, 
diabetes, and neurodegeneration. Ultimate- 
ly, these approaches will provide much deeper 
insights into physiological and medical as- 
pects of integrated cellular quality control 
pathways. 
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REVIEW 
Cellular RNA surveillance in health and disease 
Sandra L. Wolin’* and Lynne E. Maquat”** 


The numerous quality control pathways that target defective ribonucleic acids (RNAs) for 
degradation play key roles in shaping mammalian transcriptomes and preventing disease. 

These pathways monitor most steps in the biogenesis of both noncoding RNAs (ncRNAs) and 
protein-coding messenger RNAs (mRNAs), degrading ncRNAs that fail to form functional complexes 
with one or more proteins and eliminating mRNAs that encode abnormal, potentially toxic proteins. 
Mutations in components of diverse RNA surveillance pathways manifest as disease. Some 
mutations are characterized by increased interferon production, suggesting that a major role 

of these pathways is to prevent aberrant cellular RNAs from being recognized as “non-self.” Other 
mutations are common in cancer, or result in developmental defects, revealing the importance of 
RNA surveillance to cell and organismal function. 


NA surveillance pathways sculpt cellular 

transcriptomes by degrading aberrant, 

potentially harmful RNAs. Most, if not 

all, RNAs are subject to surveillance. The 

most abundant RNAs are long-studied 
“classical” noncoding RNAs (ncRNAs) such as 
the ribosomal RNAs (rRNAs) and transfer RNAs 
(tRNAs) that function in protein synthesis and 
the small nuclear RNAs (snRNAs) that carry 
out pre-mRNA splicing. These and many other 
ncRNAs, including the more recently described 
microRNAs (miRNAs), are synthesized as pre- 
cursors that fold into intricate three-dimensional 
structures, assemble with proteins, and undergo 
one or more processing events to achieve their 
functional forms. As ncRNA precursors can 
misfold, fail to assemble into larger complexes, or 
be incorrectly processed, cells must distinguish 
correct ncRNAs from RNAs that should be 
degraded. All cells also contain many less 
abundant ncRNAs, some of which derive from 
bidirectional transcription at the promoters of 
protein-coding genes. Many of these ncRNAs 
are surveillance targets, as they increase in 
amount when specific ribonucleases are in- 
activated. Failure to degrade some of these 
ncRNAs can alter transcription of adjacent 
protein-coding genes and can result in formation 
of RNA-DNA hybrids (R-loops) that render 
cells prone to DNA damage and chromosomal 
rearrangements (7). Although mRNAs con- 
stitute only a small fraction of cellular RNA, 
incompletely processed mRNAs can form 
RNA-DNA hybrids with their DNA templates, 
and mutation-containing mRNAs can encode 
abnormal (e.g., truncated) and toxic proteins 
(2). Thus, all cells contain extensive surveillance 
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pathways that recognize and target aberrant 
ncRNAs and mRNAs for degradation. 

A feature of surveillance pathways for both 
ncRNAs and protein-coding RNAs is that they 
target newly synthesized RNAs in competition 
with their normal processing pathways. For 
ncRNAs, surveillance occurs in kinetic com- 
petition with (i) assembly of nascent ncRNAs 
with their core proteins to form ribonucleo- 


proteins (RNPs), (ii) enzymes that trim or modify 


A NEXT complex 


Aberrant pol Il-transcribed 
poly(A) ncRNAs and pre-mRNAs 


nascent ncRNA 5’ or 3’ ends, and (iii) binding 
of proteins required for nuclear export of the 
assembled and matured RNPs (7). Consistent 
with competition, ncRNAs that fail to undergo 
RNP assembly and correct maturation are pri- 
marily targeted for degradation. Similarly, for 
mRNAs and long noncoding RNAs (IncRNAs, 
which resemble mRNAs in that they are syn- 
thesized by RNA polymerase II but are compu- 
tationally defined as not encoding protein), 
transcription elongation, capping of the newly 
synthesized 5’ end, splicing, 3’ end formation, 
and nuclear export compete with targeting for 
decay. Because surveillance takes place at mul- 
tiple steps in RNA biogenesis, aberrant RNAs 
that escape one surveillance pathway are often 
subsequently targeted by another. 


Surveillance of aberrant ncRNAs 


Although the ribonucleases that degrade de- 
fective RNAs are the major effectors of RNA 
surveillance pathways, they do not operate in 
isolation. Instead, most ribonucleases rely on 
protein cofactors, or adaptors, that recognize 
defective RNAs and recruit the nucleases. For 
example, a critical ncRNA surveillance pathway 
in eukaryotic nuclei involves a multiprotein 
nuclease complex called the RNA exosome, 


MTR4/ZFC3H1 complex 


Aberrant pol Il-transcribed 
poly(A)* ncRNAs and pre-mRNAs 


Aberrant pre-rRNAs 
Some pol Il and pol Ill-transcribed 
ncRNA precursors 


Terminal uridylyl transferases 


B 
*—DIS3L2 
/ => 
Aberrant pre-rRNAs 
and ncRNA precursors 


AL aD 


Fig. 1. Protein adaptors target aberrant RNAs for degradation. (A) In the nucleus, NEXT 

(top left) targets newly synthesized RNA polymerase II-transcribed poly(A) ncRNAs and pre-mRNAs 
for degradation by the RNA exosome, whereas MTR4-ZFC3HI1 (top right) targets nascent RNA 
polymerase Il-transcribed poly(A)* ncRNAs and poly(A)* pre-mRNAs for exosome degradation. 
Although not shown, ZFC3H1 may bind RNA. Prematurely terminated pre-rRNA precursors, as well 
as some RNA polymerase II- and RNA polymerase II|-transcribed ncRNA precursors, are adenylated 
by the TENT4B-ZCCHC7-MTR4 complex (bottom), facilitating degradation by the RNA exosome. 

(B) In the cytoplasm, TUT4 (left) and TUT7 (right) add a short U tail to defective ncRNA precursors, 
stimulating degradation by the DIS3L2 exoribonuclease. 
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which manifests both 3'-to-5’ exoribonucleolytic 
and endoribonucleolytic activities. In all studied 
eukaryotic species, adaptor complexes con- 
taining the RNA helicase MTR4 and one or 
more RNA-binding proteins recognize defective 
ncRNAs and recruit the exosome (3). In these 
complexes, the RNA-binding moieties recog- 
nize the defective RNAs, while MTR4 binds 
a conserved surface on the exosome. Upon 
association of MTR4 with the exosome, the 
unwinding activity of MTR4 is enhanced, 
allowing MTR4 to deliver single-stranded RNA 
to the exosome for degradation (4). A major 
adaptor complex in human nuclei, called the 
nuclear exosome targeting complex (NEXT), 
is composed of MTR4, the zinc finger protein 
ZCCHC8, and the RNA-binding protein RBM7 
(5) (Fig. 1A). RBM7 binds single-stranded U- 
rich sequences near the ends of many aberrant 
nascent RNA polymerase II-transcribed ncRNAs, 
whereas ZCCHCS scaffolds the interaction of 
RBM7 with MTR4 and may also contribute to 
RNA binding (6). A second complex, consisting 
of MTR4 and the zinc finger protein ZFC3H1, 
targets polyadenylated RNA polymerase II tran- 
scripts that are prematurely terminated or are 
generated by bidirectional promoter activity 
for degradation, most likely through interac- 
tions with the nuclear poly(A)-binding protein, 
PABPNI (7, 8) (Fig. 1A). 

Another major category of ribonuclease adap- 
tors includes or consists of terminal nucleotidyl 
transferase (TENT) that adds short A or U tails 
to defective ncRNAs. In human nucleoli, a com- 
plex consisting of TENT4B, the RNA-binding 
protein ZCCHC7, and MTR4 adds a short A 
tail to the 3’ ends of prematurely terminated 
pre-rRNAs (5) (Fig. 1A). These tails, which are 
too short to be bound by PABPNI, provide a 
single-stranded end for MTR4 binding and 
degradation by exosome exoribonucleases. 
In the cytoplasm, terminal uridylyl trans- 
ferases TUT4 and TUT? (also called TENT3A 
and TENT3B) add short U tails to the ends 
of many defective ncRNAs, stimulating de- 
gradation by the exoribonuclease DIS3L2 (Fig. 
1B) (9, 10). 

How are ncRNAs recognized as aberrant? For 
those adaptors that have been studied, speci- 
ficity is conferred through some combination 
of subcellular location, association with the 
RNA synthesis machinery, affinity for specific 
RNA sequences, and the presence of an acces- 
sible 3’ end. For example, the NEXT and MTR4- 
ZFC3HI1 complexes are located in the nucleoplasm 
(5, 7, 8), whereas TENT4B-ZCCHC7-MTR4 is 
primarily nucleolar (5). NEXT and MTR4-ZFC3H1 
are also in proximity to their targets because 
they associate, through their respective ZCCHC8 
and ZFC3H1 subunits, with the cap-binding 
complex (CBC, consisting of cap-binding 
proteins CBP80 and CBP20) that binds the 5’ 
cap of nascent RNA polymerase II-transcribed 
RNAs (11) (Fig. 1A). Because TENT proteins 
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Fig. 2. Nuclear synthesis and surveillance of 
protein-coding transcripts. Following 
transcription, pre-mRNA splicing, EJC deposition, 
and 3'-end formation, mRNAs are subject to quality 
control at the nuclear pore. After passage through 
the pore and dissociation of nuclear transport factors 
from the mRNA by the DDX19 helicase, ribosomes 
engaged in the pioneer round of translation remove 
EJCs in their path, the CBC is replaced by elF4E, 
and PABPN1 is replaced by the cytoplasmic poly(A) 
binding protein PABPC1. 
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add nontemplated tails, they recognize RNAs 
with an accessible single-stranded 3’ end. 


Nuclear surveillance of protein-coding RNAs 


Many of the mechanisms that surveil aberrant 
RNA polymerase II-transcribed ncRNAs also 
recognize and degrade aberrant pre-mRNAs. 
Pre-mRNA processing, including capping of 
the newly made 5’ end, splicing-mediated re- 
moval of introns and formation of the 3’ end, 
usually occurs while the pre-mRNA is being 
synthesized. Surveillance mechanisms often 
sense the absence of one or more RNA-binding 
proteins during a critical window of time, re- 
ducing transcript half-life concurrently with or 
subsequent to the affected processing step. 

A critical step for both mRNA biogenesis 
and mRNA surveillance is binding of the CBC 
to the capped 5’ end. Transcripts that fail to 
bind the CBC as the 5’ end emerges from 
elongating RNA polymerase IJ undergo decap- 
ping by the decapping and exoribonuclease 
(DXO) enzyme and degradation by the 5’-to-3' 
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exoribonuclease XRN2 (72). Capping occurs 
concomitantly with release of the polymerase 
from promoter-proximal pausing (73). Those 
transcripts that prematurely terminate (instead 
of undergoing productive elongation) are rec- 
ognized by NEXT and degraded by the exo- 
some. During elongation, the CBC associates 
with the ARS2 (arsenite-resistance 2) protein, 
which serves as an interaction hub for the 
formation of mutually exclusive complexes that 
either promote pre-mRNA splicing, 3'-end for- 
mation, and nuclear export or target incomplete 
and unprocessed transcripts for degradation 
by NEXT and MTR4-ZFC3H1 (/4). In general, 
NEXT targets transcripts that lack poly(A) 
tails, whereas MTR4-ZFC3H1, together with 
PABPNI, targets unspliced polyadenylated 
mRNAs for degradation (7, 8) (Fig. 1A). 

The exon-junction complex (EJC) is another 
central player that links mRNA biogenesis to 
quality control (15). Deposition of this multi- 
protein complex upstream of a splicing-generated 
exon-exon junction marks an mRNA as having 
undergone splicing (Fig. 2). The EJC, by inter- 
acting with additional proteins, enhances 
subsequent steps of mRNA transport to the 
cytoplasm, protein synthesis and, if appropriate, 
nonsense-mediated mRNA decay (NMD, dis- 
cussed below). The human genome also con- 
tains a sea of cryptic splice sites that are similar 
in sequence to the canonical sites, the regulated 
use of which results in mRNAs encoding func- 
tional proteins. The EJC, through association 
with the splicing factor RNPS1 (RNA-binding 
protein with serine-rich domain 1), suppresses 
the inappropriate recognition of nearby cryp- 
tic splice sites, thus protecting transcriptome 
integrity (16). 

Termination of transcription and formation 
of pre-mRNA 3' ends are also subject to surveil- 
lance. Pre-mRNAs contain numerous cryptic 
polyadenylation sites that, if utilized, can re- 
sult in synthesis of truncated, nonfunctional 
proteins. Use of these sites is suppressed by 
binding of the U1 snRNP, a component of the 
spliceosome, to upstream 5'-splice sites (17). At 
least some pre-mRNAs that undergo premature 
termination and polyadenylation are degraded 
by the exosome, most likely through binding 
of PABPNI to the polyadenylated mRNA and 
recruitment of MTR4-ZFC3H1 (78) (Fig. 1A). 

Nuclear export is yet another step at which 
nonfunctional and incompletely processed 
mRNAs are subject to quality control. The 
nuclear RNA export factor NXF1 is preferentially 
loaded on spliced mRNAs through connec- 
tions with the CBC, splicing factors, the EJC 
and the 3’-end formation machinery (19, 20). 
In addition, the nuclear basket protein trans- 
located promoter region (TPR) is part of a 
nuclear pore-based surveillance mechanism 
that prevents export of incompletely spliced 
mRNAs (27) (Fig. 2). Together, these mech- 
anisms help ensure that only properly spliced 
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and processed mRNAs are exported. These 
surveillance mechanisms can be subverted, 
as some mRNAs with retained introns reach 
the cytoplasm (22). Some cytoplasmic intron- 
containing mRNAs are rapidly degraded through 
surveillance mechanisms described below, par- 
ticularly NMD, whereas others remain stable. 


Cytoplasmic surveillance of 
protein-coding RNAs 


A distinctive feature of protein-coding RNAs is 
the ability to use translation to monitor RNA 
quality. In the best-characterized of these path- 
ways, NMD, mRNAs containing premature 
termination codons (PTCs; also called non- 
sense codons) are identified and targeted for 
decay during the first round of translation, 
before the CBC is replaced with the cap-binding 
eukaryotic translation initiation factor 4E 
(eIF4E). During this pioneer round of trans- 
lation, which is defined as the translation of 
CBC-bound mRNA, ribosomes displace EJCs 
on those mRNAs that have undergone splic- 
ing (Fig. 2). In this way, the NMD pathway 
“inspects” mRNAs for genetic or processing 
defects that manifest in the premature termi- 
nation of translation (2). As a rule, if the pioneer 
round of translation terminates more than 
~50 to 55 nucleotides upstream of an EJC- 
bound exon-exon junction, the terminating 
ribosome will fail to physically displace that 
EJC (and any remaining downstream EJCs) 
and target the mRNA for NMD (Fig. 3A). 

A translation-dependent quality control mech- 
anism that depends on a PTC and also feeds back 
to the nucleus is transcriptional adaptation 
(23, 24). This occurs when transcription of 
paralogous genes increases to compensate for 
a defective gene and explains the observation 
that inactivating a gene can be less deleterious 
than depleting the mRNA with small inter- 
fering RNAs (siRNAs) or short hairpin RNAs 
(shRNAs). Two recent studies showed that 
those mutant genes that result in increased 
transcription of paralogs produce mRNAs con- 
taining PTCs (23, 24). Degradation of the mRNA 
by the NMD machinery triggers transcrip- 
tional adaptation through a mechanism that 
involves the UPF3 (also called UPF3A) com- 
ponent of the NMD machinery. UPF3 interacts 
with the COMPASS complex to recruit chroma- 
tin modifiers that up-regulate the expression 
of genes with sequence complementarity to 
the PTC-containing mRNA (23, 24). How the 
COMPASS complex is guided to paralogous 
gene promoters remains unclear but could in- 
volve fragments of the degraded mRNAs. Future 
therapeutic strategies targeting defective genes 
will undoubtedly take note of those genes that, 
when engineered to harbor a PTC, would allow 
one or more paralogs to functionally substitute 
for the deficiency. 

A third translation-dependent pathway is 
triggered when ribosomes move pathologi- 
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Fig. 3. Cytoplasmic surveillance of protein- 
coding transcripts. (A) If the ribosome terminates 
before reaching the final EJC, the NMD machinery 
interacts with the EJC and targets the mRNA for 
degradation. (B) In no-go and possibly nonstop 
decay, a ribosome stalls during translation elonga- 
tion. Consequently, ribosomes collide, providing a 
surface for ubiquitination by ZNF598. Afterwards, 
the N4BP2/Cue2 endonuclease cleaves at the 5’ 
side of the stalled ribosome, allowing rescue and 
recycling by PELO and HBS1. 
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cally slowly or stall during translation elonga- 
tion. Causes of so-called “no-go” mRNA decay 
include difficulties forming peptide bonds be- 
tween particular amino acids in the growing 
polypeptide chain; rare or suboptimal codons 
due to inadequate amounts of the correspond- 
ing tRNA(s); and mRNA structures that impede 
ribosome progression (25). A collided di-ribosome 
constitutes the decisive indicator that triggers 
both ribosome and mRNA quality control by 
forming a surface recognized by the ubiquitin 
ligase ZNF598, a prerequisite for triggering 
endonucleolytic cleavage of the mRNA (26, 27) 
(Fig. 3B). The responsible endonuclease in yeast 
no-go mRNA decay was identified recently as 
the Cue2 protein, the putative human ortholog 
of which is NEDD4 binding protein 2 (N4BP2) 
(28). Following cleavage, ribosome rescue fac- 
tors pelota (PELO) and HBS1 bind and initiate 
ribosome subunit dissociation and recycling for 
further use. A related pathway, called “nonstop” 
mRNA decay, occurs when mRNAs lack a stop 
codon, either because they are truncated or 
have undergone premature 3’-end cleavage and 
polyadenylation in the nucleus. In either case, 
the ribosome stalls after translating to the end 
of the mRNA. As in no-go decay, removal of 
the arrested ribosome involves endonucleolytic 
cleavage of the mRNA and ribosome rescue by 
PELO and HBS1 (25), and a preliminary re- 
port has identified Cue2/N4BP2 as the required 
endonuclease (29). 

There are also examples of mRNA surveil- 
lance in which the precipitating event is the 
failure of the nascent polypeptide to bind a 
partner as it emerges from the ribosome tun- 
nel. One example involves mRNAs encoding 
secretory proteins. Although the synthesis of 
proteins destined for the endoplasmic retic- 
ulum (ER) initiates in the cytosol, the translat- 
ing ribosomes are targeted to the ER through 
binding of the signal recognition particle (SRP) 
to the signal peptide as it emerges from the 
elongating ribosome. Failure of the signal pep- 
tide to engage SRP, due to a mutant signal 
peptide or SRP depletion, results in degrada- 
tion of the mRNA (30). Although the mecha- 
nisms that connect the nascent polypeptide to 
cotranslational mRNA decay are not under- 
stood, this and other examples where coding 
region sequences are coupled to mRNA decay 
support the idea of cross-talk between mRNA 
and protein quality control pathways. 


Diseases linked to defective RNA surveillance 


Because the nucleases that degrade defective 
RNAs have myriad targets and have roles out- 
side surveillance, it is difficult to attribute 
mutant phenotypes to a specific role in qual- 
ity control or even to quality control at all. 
Nonetheless, missense mutations that partly 
inactivate RNA exosome function cause mul- 
tiple developmental disorders. Mutations in 
exosome core subunits EXOSC3 and EXOSC8 
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cause pontocerebellar hypoplasia (PCH) 1B 
and IC, respectively, which are autosomal 
recessive syndromes presenting early in child- 
hood that are characterized by cerebellar 
atrophy and spinal motor neuron degeneration 
(31). Although only one patient with a homo- 
zygous mutation in the RBM7 component of 
NEXT has been described, this patient exhibited 
spinal motor neuron degeneration similar to 
that of PCH1 patients, suggesting that PCH1 
could be due to altered RNA surveillance (37). 
Several other PCH subtypes (PCH2 to PCH7 
and PCH10) are caused by mutations that spe- 
cifically disrupt processing of tRNAs or snRNAs 
(32), suggesting that accumulation of unpro- 
cessed and defective ncRNAs could contrib- 
ute to PCH. 

Other mutations in RNA surveillance path- 
way components are also associated with 
childhood disease. Mutations in DIS3L2 cause 
Perlman syndrome, an autosomal recessive 
overgrowth syndrome associated with increased 
frequency of Wilms tumor, the most common 
kidney tumor in children (33). Although the 
mechanisms by which DIS3L2 mutations cause 
Perlman syndrome have not been fully eluci- 
dated, kidney progenitor cells lacking DIS3L2 
up-regulate expression of IGF2 (insulin-like 
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growth factor 2), which is strongly associated 
with Wilms tumorigenesis (34). Disease may 
reflect the toxic accumulation of one or more 
of the many abnormal RNAs that are routinely 
eliminated by DIS3L2 (7). Mutations in genes 
encoding the NMD factors UPF2 or UPF3X 
(also called UPF3B) are associated with neuro- 
developmental disorders, including autism spec- 
trum disorder and schizophrenia (35). 

In other cases, failure to degrade aberrant 
RNAs is clearly linked to disease. For example, 
failure of translation-based surveillance mech- 
anisms, such as NMD, affect disease through 
the synthesis of an aberrant, often truncated, and 
harmful protein that functions in dominant- 
negative ways. Failure to degrade excess RNAs 
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Fig. 4. Surveillance of dsRNA. (A) In the cytoplasm, ADAR1 deaminates adenines in dsRNA to 
inosine, disrupting base pairing. RNAs that fail to undergo editing can activate MDA5 and PKR. 
(B) Formation of mitochondrial dsRNA is normally prevented by PNPT1, which degrades the 
antisense RNA. Under stress, or when PNPT1 is mutated, mitochondrial dsRNAs can enter the 
cytosol and activate MDA5 and PKR. Although not shown, MDA5 forms oligomers upon dsRNA 
binding, whereas PKR forms dimers. 
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results in activation of cytoplasmic innate 
immune sensors, the normal role of which is 
to recognize viral RNAs and trigger an anti- 
viral response mediated by signaling mole- 
cules called interferons. These sensors, which 
recognize double-stranded RNA (dsRNA) gen- 
erated during virus infection, include retinoic 
acid inducible gene I (RIG-I) and melanoma 
differentiation-associated protein 5 (MDAS5), 
which activate an antiviral signaling cascade, 
and protein kinase R (PKR), which phosphoryl- 
ates the eIF2o translation initiation factor to 
inhibit protein synthesis (36). Mutations that 
inactivate proteins that are important for elim- 
inating cellular dsRNAs, such as the adeno- 
sine deaminase acting on RNA 1 (ADARI), 
which disrupts dsRNA by deaminating adeno- 
sines in double-stranded regions to inosines 
(37), or polynucleotide phosphorylase (PNPT1), 
a 3'-to-5' exoribonuclease that degrades mito- 
chondrial dsRNAs (38), result in neurologic 
diseases characterized by increased production 
of interferon (39). Although the full catalog of 
aberrant cellular RNAs that can activate RIG-I 
and MDAS is not known, loss of ADAR1 results 
in increased amounts of dsRNA formed from 
members of the Alu family of repetitive ele- 
ments. These dsRNAs, many of which derive 
from Alu-Alu inverted repeats in mRNA un- 
translated regions, activate MDA5 to trigger 
interferon production and PKR to shut down 
translation (40, 41) (Fig. 4A). Mutations in 
PNPTI result in accumulation of mitochon- 
drial dsRNAs that enter the cytoplasm and 
activate MDA5 (38) and PKR (42) (Fig. 4B). 

Both the up-regulation and down-regulation 
of RNA surveillance pathways make critical 
contributions to cancer pathogenesis. In many 
tumors, mutations in ADAR1 are associated 
with increased interferon secretion, growth 
inhibition, and increased sensitivity to radio- 
therapy and immunotherapy through pathways 
mediated by PKR and MDAS5 (43). Although 
these effects are likely due to dsRNA accumu- 
lation, ADAR1 up-regulation in chronic myeloid 
leukemia progenitor cells drives proliferation 
by editing primary miRNA precursors and 
mRNA 3’-untranslated regions, reducing the 
amounts of specific miRNAs and their inter- 
actions with key targets (44). Up-regulation 
and down-regulation of NMD also contribute 
to cancers, depending on the cell of origin and 
how the cancer evolved (45). Down-regulation 
of the RNA exosome likely contributes to some 
cancers, because mutations in the DIS3 cata- 
lytic subunit are common in some hematologic 
malignancies, particularly multiple myeloma. 
Although the mechanism(s) by which DIS3 
mutations affect cancer progression are un- 
known, most mutations impair exoribonuclease 
activity, resulting in accumulation of many 
RNA targets (46). 

Neurodegenerative diseases such as amyo- 
trophic lateral sclerosis (ALS) may also be in 
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part due to the failure of RNA quality con- 
trol. Notably, in animal models of ALS, toxicity 
caused by expressing mutant versions of the 
splicing factors FUS or TDP43 in neurons or 
nervous tissue can be partially suppressed by 
overexpressing the key NMD factor called up- 
frameshift 1 (UPF1) (35). The toxicity associated 
with the most common mutation in familial 
ALS and the related frontotemporal demen- 
tia, a repeat expansion in the C9orf72 gene, 
can similarly be suppressed by overexpress- 
ing UPFI (47). Cell toxicity may derive from 
an increase in splicing mistakes caused by 
the mutant proteins, overwhelming the ability 
of NMD to degrade the ~10% of physiologic 
mRNAs that are natural NMD targets, the 
~33% of newly synthesized mRNAs that nor- 
mally contain pre-mRNA splicing errors (2), 
and an additional load of aberrant mRNAs 
caused by the mutant protein (35). In addi- 
tion to misprocessed mRNAs, repeat element 
transcripts and dsRNAs are also increased in 
the brains of patients with the CO9ORF72 lesion 
and in mouse models of disease (48), hint- 
ing at a failure of multiple RNA surveillance 
pathways. 


Perspectives 


The examples discussed above illustrate only 
some of the ways in which surveillance systems 
monitor cellular RNA quality. Numerous other 
mechanisms monitor mRNAs and ncRNAs for 
correct processing, RNP assembly, nuclear ex- 
port, and function. Also not discussed is the 
role of RNA modifications, which stabilize tRNA 
structure and have an emerging role in mRNA 
stabilization and surveillance (49). Nonetheless, 
it is clear that gene expression can be viewed as 
a tightly orchestrated homeostatic continuum 
of RNA checks and balances—of spatially and 
temporally connected RNA processing steps 
that begin in the nucleus, continue in the 
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cytoplasm and, in specialized instances, feed 
back to the nucleus. Most if not all steps rely 
on the success of the previous step within a 
defined period of time, or the process will be 
stopped, usually through RNA destruction, to 
minimize the ensuing cellular damage. This 
seemingly straightforward concept behind 
transcriptomic quality control is complicated 
by the susceptibility of many steps to genetic or 
environmental changes and the multitasking 
abilities of many of the proteins that mediate 
each step. It follows that disease would result 
from defects in both the mediators and the 
sensors of such homeostasis-maintaining sys- 
tems. Awareness of what defines a transcript 
that passes quality control is key to the bur- 
geoning use of RNAs as therapeutic targets 
and tools (50). 
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Mitocellular communication: Shaping health 


and disease 


Adrienne Mottis*, Sébastien Herzig*, Johan Auwerxt 


Throughout the animal kingdom, mitochondria are the only organelles that retain their own genome 
and the transcription and translation machineries that are all essential for energy harvesting. 
Mitochondria have developed a complex communication network, allowing them to stay in tune with 
cellular needs and nuclear transcriptional programs and to alleviate mitochondrial dysfunction. Here, we 
review recent findings on the wide array of mechanisms that contribute to these mitocellular 
communication networks, spanning from well-studied messenger molecules to mitonuclear genetic 
interactions. Based on these observations and developments, we advocate a broad and inclusive view on 
mitocellular interactions, which can have profound impacts on physiological, pathological, and 


evolutionary processes. 


itochondria are essential components 

of eukaryotic cells. They are not, how- 

ever, isolated organelles; mitochondria 

exchange molecules—from ions and 

small metabolites to proteins and 
lipids—with the rest of the cell and the organism. 
Mitochondria originate from the endosymbiotic 
interaction between an a-proteobacterium and 
its host cell >1 billion years ago. During evolu- 
tion, most genes encoded in the mitochondrial 
genome were transferred to the nucleus, leaving 
only a few protein-coding genes in the vestigial 
circular mitochondrial DNA (mtDNA); there- 
fore, mitochondria and nucleus need to com- 
municate to ensure optimal cellular function. 
Moreover, mitochondria actively influence other 
cellular components such as the lysosomes, the 
endoplasmic reticulum (ER), and cytosolic 
pathways, creating a mitocellular communi- 
cation network that is based on a variety of 
signals and cues, akin to different languages 
(Fig. 1A). 

Mitochondria can use such signals to adapt 
to various stresses, leading to a beneficial out- 
come in a phenomenon termed mitohormesis. 
In other cases, deleterious consequences for the 
cell or the organism ensue. Understanding the 
differences between adaptive and maladaptive 
responses to stress is key to leveraging mito- 
chondrial communication to maintain health 
at the cellular or organismal level. The cellular 
response to mitochondrial dysfunction ranges 
from up-regulation of chaperones and pro- 
teases to improve proteostasis to the degra- 
dation of mitochondria by mitophagy. During 
aging, mitochondria lose function and mito- 
cellular communication pathways break down; 
strategies to maintain and invigorate mito- 
chondrial function therefore increase the 
health span and life span. 
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Small molecules as mitochondrial messengers 

As the focal point of cellular metabolism, it comes 
as no surprise that metabolites play a prime 
role in signaling changes in mitochondrial acti- 
vity to other cellular compartments (J) (Fig. 1B). 


AMP 


Because mitochondria are the major site of 
adenosine 5’-triphosphate (ATP) generation, 
ATP levels are a sensitive signal of mitochon- 
drial health. In the wake of decreases in ATP 
production, ongoing energy utilization leads 
to an increase in the cellular adenosine 5’- 
monophosphate (AMP)/ATP ratio, which ac- 
tivates a specialized signaling pathway, the 
AMP-activated protein kinase (AMPK) path- 
way. Active AMPK phosphorylates key enzymes 
and regulatory nodes involved in various meta- 
bolic pathways, such as lipid and glucose me- 
tabolism, mitochondrial dynamics, autophagy, 
and protein synthesis, to restore energy balance 
(2). In addition, AMPK also leads to transcrip- 
tional adaptations to energy stress, allowing 
cells to further match their metabolism to mito- 
chondrial signals, such as decreased ATP levels. 
Exploiting these mitohormetic energetic stress- 
signaling pathways through activation of AMPK 
holds promise for the management of several 
diseases. 


NAD* 


The nicotinamide adenine dinucleotide (NAD*)/ 
NADH ratio is another indicator of the meta- 
bolic status of the mitochondria. NAD* is a 
cofactor for numerous metabolic reactions, 
but it also serves as a cosubstrate for enzymes 
such as CD38, poly-ADP-ribose polymerases, 
and the sirtuins, a family of seven protein de- 
acetylases and deacylases localized in the nucle- 
us (SIRT1, SIRT6, and SIRT7), cytosol (SIRT2), 
and mitochondria (SIRT3 to SIRT5). Changes 
in the abundance of NAD* directly affect the 
activity of the sirtuins in multiple cellular com- 
partments, allowing the fine tuning of metab- 
olism through the deacetylation of multiple 
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metabolic regulators often linked to mito- 
chondrial homeostasis (3). NAD* levels not 
only vary with metabolic activity, e.g., caloric 
restriction and high-fat diets, but also decrease 
during aging (4) and increase during exercise 
and upon pharmacological or nutraceutical 
interventions that increase NAD" levels. Ele- 
vated NAD* levels are linked to improved 
health span and life span in multiple model 
organisms (5). Therefore, NAD* levels and their 
commanding function on the activity of the 
sirtuins are key contributors to sensing and 
communicating the mitochondrial metabolic 
status to other cellular compartments. 


Oxygen 


Mitochondria require oxygen for ATP genera- 
tion, so low oxygen levels, or hypoxia, influence 
mitochondrial function. In return, mitochon- 
dria consume oxygen and thus potentially 
reduce local oxygen concentration. Cells are 
capable of sensing low oxygen through prolyl 
hydroxylase domain proteins (PHDs) that 
stabilize hypoxia-inducible factor (HIF)-1/2a. 
HIF-1la stabilization mediates some of the 
deleterious effects of decreased NAD* levels 
and sirtuin activity on mitochondrial function 
in aged mice, a process that is reversed by 
boosting NAD" levels or by caloric restriction 
(6). Stabilization of HIF-1a in vivo by knocking 
out the VHL (Von Hippel-Lindau) gene in 
zebrafish or by chronic hypoxia in mice im- 
proves the viability of mitochondrial disease 
models (7). This sounds counterintuitive at 
first, as restricting oxygen availability may 
further impair mitochondrial function. How- 
ever, the fact that hypoxia and HIF signaling 
allow cells to adapt to lower mitochondrial 
function and thus decrease the strain imposed 
on dysfunctional mitochondria explains this 
apparent conundrum. 


ROS 


Mitochondrial dysfunction can also generate 
toxic by-products such as reactive oxygen spe- 
cies (ROS). Under physiological conditions, 
ROS act as signaling molecules to control hy- 
poxic responses, immunity, and stem cell func- 
tion (8). Several lines of evidence also point to 
ROS as a mediator of longevity downstream of 
mitochondrial modulation. ROS produced by 
mitochondria stabilizes HIF-la (9), which is 
important for life-span extension induced by 
mitochondrial inhibition in Caenorhabditis 
elegans and replicative life span of mamma- 
lian cells (10). Thus, mitochondrial ROS and 
modulation of HIF signaling participate in 
the mitohormetic response. 


Metabolites 


Metabolites that are produced and used inside 
mitochondria, most notoriously tricarboxylic 
acid (TCA) cycle components, also signal mito- 
chondrial health. For example, acetyl-coenzyme 
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A (acetyl-CoA), which is produced from various 
sources inside mitochondria—e.g., pyruvate, 
amino acids, and fatty acids—enters the TCA 
cycle to generate citrate. Citrate can either con- 
tinue within the TCA cycle or exit mitochondria 
and produce acetyl-CoA, which is an essential 
cosubstrate for the acetyl transferases to fuel 
histone and protein acetylation (77). Variations 
in acetyl-CoA are thus mitochondrial signals 
that can modulate broad gene expression pro- 
grams. o-Ketoglutarate (aKG), succinate, and 
fumarate also act as signaling molecules. aKG 
serves as a cofactor for dioxygenase enzymes 
such as the Jumonji C domain-containing his- 
tone demethylases (JMJDs), TET (Ten-Eleven 
Translocation) DNA demethylases, and PHDs; 
conversely, succinate and fumarate inhibit these 
aKG-dependent enzymes (72). Dioxygenases 
can also be inhibited by 2-hydroxyglutarate 
(2-HG), a metabolite similar in structure to 
aKG. Whereas D2-HG is produced by iso- 
citrate dehydrogenase (IDH)-1/2 mutant can- 
cer cells, mitochondria produce L2-HG during 
hypoxia (13) or respiratory chain inhibition 
(14) and regulate metabolism through epi- 
genetic modifications. 


Proteotoxic stress: Transcriptional and 
epigenetic regulation 


The mitochondrial stress response (MSR) or- 
chestrates the remodeling of gene expres- 
sion programs after mitochondrial proteotoxic 
stress. The mitochondrial unfolded protein re- 
sponse (UPR™), an arm of the MSR that sig- 
nals proteotoxic stress to induce an adaptive 
response aimed at resolving protein-folding 
stress, has been particularly well studied in 
C. elegans (15), although recent work suggests 
its conservation in vertebrates (16-18). The 
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MSR is induced by toxins or mitochondrial 
dysfunctions typified by a stoichiometric mis- 
match between nuclear DNA (nDNA)- and 
mtDNA-encoded oxidative phosphorylation 
complex (OXPHOS) subunits, resulting in the 
accumulation of orphan, unassembled OXPHOS 
subunits in the mitochondria. Most UPR™- 
triggering insults are accompanied by a drop 
in mitochondrial protein import capacity. The 
localization of ATFS-1 (activating transcription 
factor associated with stress-1), the master 
transcriptional regulator of the C. elegans 
UPR™, is also controlled by mitochondrial 
protein import. Whereas ATFS-1 is normally 
imported in healthy mitochondria, mitochon- 
drial stress blocks its import, favoring its nu- 
clear localization (19). ATFS-1 induces UPR™ 
genes, including chaperones, proteases, de- 
toxification enzymes, and mediators of meta- 
bolic reprograming. Worm UPR™ involves 
active epigenetic reprogramming; chromatin 
decompaction and induction of UPR™ genes is 
mediated by the H3K27 demethylases JMJD-3.1 
and JMJD-1.2, and a global chromatin com- 
paction is achieved by the histone lysine trans- 
ferase MET-2, assisted by LIN-65, to avoid 
transcription of nonessential genes in stress- 
ful conditions (20, 21) (Fig. 2A). Epigenetic 
remodeling caused by mitochondrial stress 
extends the life span (20) and is transmitted 
over four generations through histone H3K4 
methylation (22). JMJD expression also cor- 
relates with life span and UPR™ genes in the 
BXD mouse genetic reference population, in- 
dicating that this link between epigenetic re- 
modeling and life extension may be conserved 
in mammals (20). 

In mammalian cells, several mitochondrial 
insults, including proteotoxic stress and ROS, 
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signal through the integrated stress response 
(ISR) (23, 24). The activated GCN2 kinase is 
one of the kinases known to phosphorylate the 
translation initiation factor eIF2a (25). eIF2a 
phosphorylation generally leads to a global 
slowdown of cytosolic, cap-dependent trans- 
lation, transitioning to stress-induced alterna- 
tive translation, a mechanism used by various 
stressors (24). This favors the translation of 
stress transcripts containing upstream open read- 
ing frames, including the At/4, Atif, and Chop 
transcription factors that coordinate a gene 
expression program considered the mamma- 
lian equivalent of UPR™ (Fig. 2A). It also 
suggests that signaling of the mammalian 
UPR™ is directly connected to and partially 
dependent on the same actors that govern cyto- 
solic proteostasis, a functional link supported 
by the mitochondria-to-cytosol stress response 
in C. elegans (24). Another mediator of the 
mammalian MSR was recently shown to adopt 
a mechanism recalling ATFS-1 signaling in 
C. elegans. After mitochondrial membrane 
depolarization, G-Protein Pathway Suppres- 
sor 2 (GPS2) translocates from mitochondria 
to the nucleus, where it binds to target pro- 
moters and induces H3K9 demethylation, en- 
abling transcription of mitochondrial- and 
stress-responsive genes, which partially overlap 
with ATF4: targets (26). 

Mitochondrial stress signaling in both in- 
vertebrates and vertebrates, albeit different, 
shares similarities: in both cases, it is depen- 
dent on the ATF transcription factor family and 
involves the modulation of H3 methylation 
and the mitonuclear translocation of transcrip- 
tion factors. Together with the antioxidant 
response, the MSR is one of the major mito- 
chondrial pathways mediating mitohormesis. 
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Fig. 2. Main mechanisms of translational control of the MSR in C. elegans 

and mammals. (A) A variety of mitochondrial stressors (unfolded proteins, electron 
transport chain loss-of-function, ROS) can induce nuclear translocation of 
transcription factors and changes in chromatin conformation and gene expression. 
The top part of the panel summarizes MSR signaling in C. elegans, and the bottom part 
focuses on mammalian cells. (B) Overview of the mitophagy pathway mediating the 
removal of mitochondria. Cross-talk between mitochondria and lysosomes through 
regulation of lysosomal genes is essential for efficient execution of MSR pathways 
such as mitophagy. (C) Quality control pathways involving the mitochondrial protein 
import machinery. (i) In yeast, mitochondrial protein translocation-associated 
degradation (mitoTAD) is mediated by Ubx2, which recruits the AAA-ATPase 
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Cdc48 to prevent clogging of the TOM complex with mitochondrial precursor 
proteins. (ii) Mitochondrial stress slows down mitochondrial protein import and 
leads to the accumulation of precursors in the cytosol. This “mitochondrial 
precursor overaccumulation stress” (mPOS) and the UPR activated by mistargeting 
of proteins (UPR) triggers programs to restore cytosolic proteostasis, inhibit 
translation, and activate the proteosome. Protein import stress activates the 
mitochondrial-compromised protein import response (mitoCPR). It induces gene 
expression and recruits the AAA-ATPase Msp1 through Tom70 and Cis1 to degrade 
precursors stalled in the TOM complex. (iii) Protein aggregates that form at 
mitochondrial surface upon heat shock are disaggregated by the chaperone Hsp104, 
imported by the TOM complex, and degraded by the LON protease Piml1. 


As mentioned before, such adaptations are not 
always beneficial; the persistent induction of 
mitohormetic signature genes (e.g., antioxi- 
dant and mitophagy genes) by the SIRT3 
arm of the UPR™ contributes to breast cancer 
invasiveness (17). The remodeling of mito- 
chondrial signaling therefore appears to be a 
key step in malignancy, because mitohorm- 
esis allows tumor cells to resist oxidative stress 
and favors their survival. 


Lysosomes, ER, and cytosol 


Mitocellular communication also encompasses 
how mitochondria affect other organelles’ 
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function through direct contact and indi- 
rect signaling. Mitochondria physically inter- 
act with many other organelles to ensure 
proper cellular function (27). For example, 
mitochondria-associated ER membranes 
(MAMS) are sites of physical proximity of 
the ER and the mitochondrial outer mem- 
branes, allowing lipid and calcium exchanges 
and dictating how mtDNA is replicated and 
segregated, as well as when and where mitochon- 
dria divide (28). 

Mitochondria also physically interact with 
lysosomes (29). They affect the regulation of 
lysosomal function, which is essential for au- 
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tophagy and mitophagy, a process by which 
damaged mitochondria are removed (Fig. 2B) 
(30). Lysosomal function is regulated in part 
by the TFEB (transcription factor EB) family 
of transcription factors through induction of 
the CLEAR (Coordinated Lysosomal Expression 
and Regulation) network, a gene set involved in 
lysosome biogenesis and function. TFEB activ- 
ity is modulated downstream of mitochondrial 
dysfunction by AMPK (31, 32) and through 
an AMPK-independent, PINK1- and Parkin- 
dependent pathway that also requires the 
autophagy gene ATG5 (33). Thus, mitochon- 
drial dysfunction signals to increase lysosomal 
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function, which in turn ensures proper removal 
of damaged mitochondria. Lysosomal storage 
disorders are accompanied by mitochondrial 
dysfunction and, conversely, mitochondrial 
diseases are associated with impairments in 
lysosomal function (34). 

This reciprocal regulation of mitochondrial 
quality by lysosomes and lysosomal function 
by mitochondrial quality plays a key role in 
neurodegeneration. Mutations in PINK1 and 
Parkin and impaired mitophagy are associated 
with familial forms of Parkinson’s disease 
(PD). Mitochondrial deficiency also occurs 
in patients with B-amyloid diseases such as 
Alzheimer’s disease (AD). An MSR gene sig- 
nature typifies patients with AD and cognitive 
impairment, and activating two components 
of the MSR, UPR™ and mitophagy, in AD 
models delays protein aggregation and disease 
progression (35). From a therapeutic perspec- 
tive, it is interesting that boosting mitophagy 
by administration of urolithin A improves mito- 
chondrial and muscle function in C. elegans, 
mouse, rat (36), and humans (37); has benefi- 
cial effects in animal models of AD (38); and 
extends life span in C. elegans (36). Consistent 
with these observations, activation of lysosomal 
function reestablishes youthful proteostasis in 
old C. elegans oocytes immediately before fer- 
tilization, a phenomenon accompanied by im- 
provement of mitochondrial parameters (39). 

Proteostasis in the mitochondria is also in- 
timately connected to cytosolic proteostasis 
(24). Despite uncoordinated transcription of 
nDNA- and mtDNA-encoded OXPHOS mRNAs, 
OXPHOS stoichiometry is maintained through 
coordinated protein synthesis (40). During 
mitochondrial stress in mammals, activation 
of cap-independent cytosolic translation and 
activation of the ISR is part of the defense sys- 
tem (23, 24). In yeast, mitochondrial protein 
translocation-associated degradation (mitoTAD) 
constitutively monitors mitochondrial protein 
import to prevent obstruction of the TOM 
(translocase of the outer membrane) import 
channel with mitochondrial protein precursors 
(4D [Fig. 2CG)]. During mitochondrial stress, 
the impairment of protein import causes pre- 
cursor proteins to accumulate in the cytosol, 
referred to as “mitochondrial precursor over- 
accumulation stress” (mPOS), leading to the 
induction of cytosolic genes promoting alter- 
native cytosolic translation mechanisms and 
protein folding and degradation (24) [Fig. 
2C(ii)]. Cytosolic proteostasis is also restored 
by the UPR activated by mistargeting of pro- 
teins (UPR“™), which inhibits protein syn- 
thesis and activates the proteasome (24), and 
by the mitochondrial-compromised protein 
import response (mitoCPR), which removes 
stalled precursors accumulated on the mito- 
chondrial surface (42) [Fig. 2C(ii)]. Conversely, 
mitochondria buffer cytosolic protein aggregate 
load by importing and degrading aggregation- 
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prone proteins in normal physiological and 
heat-stress conditions in yeast (43) [Fig. 2C(ii)]. 
Mitochondria maintain a degree of special- 
ization across tissues and even within the same 
cell, leading to the coexistence of several mito- 
chondrial subpopulations (44, 45). In brown 
adipose tissue, peridroplet mitochondria are 
specialized and dedicated to lipid synthesis 
and droplet expansion; mediators of mitochon- 
drial dynamics are pivotal in segregating these 
mitochondria pools (45). In mammalian breast 
tissue, stemness of daughter cells is conserved 
by asymmetric sorting of young mitochondria; 
Parkin and mitochondrial fission are neces- 
sary to confine old mitochondria to the peri- 
nuclear region of mother cells (46). Likewise, 
mitochondrial dynamics (fusion) determines 
the asymmetric distribution of mitochondria 
and the fate of mammary stem cells in the 
epithelial-mesenchymal transition (47). 


Nucleic acids: Linking mitochondria and 
inflammation 


Cells depend on pattern-recognition receptors 
and innate immune pathways to detect and 
contend with viral and bacterial components 
in the cytosol. Accommodating an endosym- 
biotic guest such as the mitochondria implies 


“.feciprocal regulation 
of mitochondrial quality by 
lysosomes and lysosomal 
function by mitochondrial 
quality plays a key role in 
neurodegeneration.” 


a possible reactivity toward the components 
inherited from its bacterial ancestry. Accord- 
ingly, immunostimulation can ensue from the 
release of N-formylated peptides or mtDNA, as 
well as of several nucleic acid species gener- 
ated by mitochondria, such as double-stranded 
RNA (dsRNA) or DNA-RNA hybrids (48). A 
wide range of mitochondrial insults can lead to 
the presence of mtDNA in the cytosol or even 
in the circulation, which upon detection by Toll- 
like receptors (TLRs), NOD-like receptors (NLRs), 
or interferon (IFN)-stimulatory DNA recep- 
tors, triggers proinflammatory and type I IFN 
responses (48) involving the cGAS-STING 
pathway. This pathway is responsible for the 
inflammation observed in PinkI”~ and Prkn”- 
mice upon an exercise challenge and for the 
loss of dopaminergic neurons and motor de- 
fects in aged Prkn’;mutator mice, which 
accumulate mtDNA mutations (49). Therefore, 
mitophagy is key in preventing mitochondrial 
leakage and the resulting immunostimulation, 
which seems crucial in the pathogenesis of PD. 
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Cells also conserved immunity against highly 
unstable mitochondrial dsRNA, highlighting 
the pivotal role of the polynucleotide phos- 
phorylase (PNPase), which limits dsRNA accu- 
mulation in the mitochondrial matrix and 
intermembrane space (50). Moreover, mtDNA 
synthesis is instrumental in activating the 
NLRP3 inflammasome: various NLRP3 acti- 
vators induce the release of mtDNA, which 
amplifies initial NLRP3 priming (57). Together, 
these findings reinforce the contribution of 
mitochondria and mitochondrial quality con- 
trol in immune regulation and warrant the 
study of mitochondrial contributions to per- 
vasive inflammatory processes that are common 
in many age-related diseases. Mitochondria can, 
however, regulate innate and adaptive immu- 
nity through multiple mechanisms (52). As an 
example, disrupted mitophagy and the result- 
ing presentation of mitochondrial antigens 
are responsible for autoimmunity and PD- 
like symptoms upon bacterial infection in 
the intestine of PinkI’”” mice (53). 


Mitokines: Mitochondrial hormones 


Mitochondria not only signal within the cell, 
but also communicate with distant tissues in 
a non-cell-autonomous manner through cir- 
culating molecules. Mitokines are nuclear- 
encoded signaling molecules secreted by cells 
experiencing mitochondrial stress. They are 
thought to mediate metabolic adaptation of 
distant tissues by enhancing oxidative metab- 
olism, lipolysis, and ketogenesis as a logical 
reaction to the energy crisis produced by mito- 
chondrial dysfunction. In mammals, circulat- 
ing levels of FGF21 (25) and GDF15 (54) are 
increased in mouse models with mitochondrial 
dysfunction in an ATF4- and CHOP-dependent 
manner, respectively, as well as in patients with 
mitochondrial diseases (75). In C. elegans, the 
Wnt/EGL-20 ligand is the best characterized 
neuronal mitokine and is dependent on sero- 
tonin secretion to transduce an MSR to distant 
tissues (55). Mitochondrial-derived peptides, 
which are encoded within alternative read- 
ing frames in the mitochondrial genome, 
can also act as signaling factors to achieve 
systemic cytoprotective effects and stress 
resistance by improving insulin sensitivity 
and adiposity (56). 

Finally, one can speculate about mitochon- 
dria communicating with distant tissues 
through mitochondria-derived vesicles con- 
taining mtDNA or mitochondrial components 
(57, 58) or even through intercellular transfer 
of mitochondria (59). These processes can be 
triggered upon acute neuronal or cardiac 
stress (60, 61), leading to positive feedback 
and cytoprotection of the recipient cells. Worm 
and mouse neuronal cells can also transfer 
mitochondria to outsource their degradation 
to other cells (62, 63). Although the signaling 
role of these mechanisms has not yet been 
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Fig. 3. Mitonuclear genomic interactions. (A) Simplified representation of the mitochondrial germline bottleneck. (B) When mtDNA and nDNA ancestries diverge, 
new haplotype-specific polymorphisms tend to match the nuclear ancestry rather than the mitochondrial haplotype in which they arose. [Figure adapted from 


Wei et al. (70)] 


established, it is tempting to speculate that the 
molecular content of these different vesicles could 
trigger adaptive responses in recipient cells. 


Interactions between mitochondrial and 
nuclear genomes 


Because both the mitochondrial and nuclear 
genomes encode mitochondrial proteins, they 
have evolved functional and genetic interac- 
tions as another form of mitonuclear commu- 
nication that determines mtDNA maintenance, 
expression, and transmission (64). 

mtDNA encodes 13 subunits that play key 
roles in the proper function of the OXPHOS 
complexes (65). Despite the importance of 
these proteins, mtDNA has a high mutation 
rate that is resolved at both the organism 
and population levels (65). At the organism 
level, mechanisms exist in female germline 
cells to prevent transmission of deleterious 
mtDNA mutations to the next generation, 
underpinning mitochondrial germline bottle- 
neck effects (66, 67) (Fig. 3A). Early primordial 
germ cells (PGCs) experience a profound de- 
crease in mtDNA copy number, reducing the 
number of mtDNA variants in each cell. This 
is followed by a phase of mtDNA replication, 
resulting in increased level of homoplasmy in 
each PGC (67). The subsequent shift from 
glycolytic to oxidative metabolism in the PGCs 
acts as a soliciting test allowing expression and 
selection of mtDNA variants that do not impair 
mitochondrial function. 

Because four out of five OXPHOS complexes 
combine subunits from mixed origins, bio- 
energetics are crucially affected by the compa- 
tibility of mitochondrial and nuclear OXPHOS 
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subunits and by extension by the compatibility 
of the two genomes (65). Nuclear and mito- 
chondrial genomes coevolved in populations 
of the same species, ultimately leading to the 
complementarity of mtDNA haplogroups and 
their nuclear background (65). This mitonuclear 
compatibility at the population level reflects 
the fact that mitonuclear genetic interactions 
profoundly affect mitochondrial function and 
whole-body physiology. In the mouse C57BL/6 
strain, replacing mtDNA with that of the NZB/ 
OlaHsd strain triggers a limited level of stress 
and induces proteostasis, UPR™, and ROS 
signaling, ultimately remodeling mitochon- 
drial dynamics and improving metabolism 
and aging (68). In humans, discordance of 
ancestry between nuclear and mitochon- 
drial genomes leads to incompatibility that 
affects crucial markers of mitochondrial fit- 
ness such as mtDNA copy number (69). Analyz- 
ing ~13,000 human whole-genome sequences 
demonstrated that selection of mtDNA var- 
iants is influenced by the nuclear genetic 
background: new polymorphisms more likely 
converge to match the nuclear rather than the 
mitochondrial genetic ancestry (Fig. 3B) (70). 
In other words, the nuclear genome has a 
selective power over mtDNA polymorphisms. 

mtDNA can thus be seen as an uncontrol- 
lable guest evolving in a selfish manner and 
eventually causing mitonuclear conflicts (72); 
therefore, mitonuclear genetic interactions 
were shaped into mechanisms guiding the fate 
of mtDNA, such as the germline bottleneck at 
the organism scale and the nucleus-imposed 
selection on mtDNA at the population level. A 
detailed understanding of mitonuclear genomic 
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compatibility and its consequences must be 
sought to master the promise of mitochondrial 
replacement therapy (72) and to improve the 
genotype-specific efficacy of some treatments. 
Genome-wide association studies often ignore 
mtDNA variants (73) and mitonuclear genetic 
interactions, advocating for systematic investi- 
gation of mitonuclear genotypic predisposition 
to diseases. 


Conclusions and perspectives 


Mitochondria have a versatile and complex 
nature; they can take the appearance of a 
unified network or of individual units depend- 
ing on the context, continuously communicat- 
ing and interacting with the cellular milieu 
and thus challenging our vision and working 
models. As an example, mtDNA haplogroups 
are known to directly affect physiology and to 
be associated with diseases such as degenera- 
tive or autoimmune disorders, although the 
exact mechanisms remain unclear (65). The 
intricate links between multiple aspects of 
mammalian physiology and the gut micro- 
biome are well established. The results of this 
review suggest that we also consider the im- 
portance of our so-called mitobiome, which 
is 10-fold larger than our microbiome and 
more complex (given that there are multiple 
differences in subcellular and cellular pools 
of mitochondria). Mitochondria should thus 
be thought of as small, “semiautonomous” 
(bacterial-like) entities that have their own 
genome and are occasionally shaped into 
populations that are able to communicate with 
each other, with other organelles, and even 
with distant tissues through a multitude of 
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languages. If these mitochondrial languages 
are fully understood, then this will certainly 
unveil their central impact on homeostasis 
in a deeper and more integrated dimension 
than ever thought and would allow the de- 
velopment of mitochondrial medicines to 


treat diverse pathologies (74, 75). 
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Tuning stress 
protects cognition 


Down syndrome (DS) is a chro- 
mosomal disorder that occurs 
when a person has an extra 
copy of chromosome 21. DS 
causes intellectual disabilities, 
among other health issues, but 
little is known about the mecha- 
nisms underlying the memory 
deficits in DS. Zhu et al. used a 
multidisciplinary approach to 
show that a defect in integrated 
stress response, a conserved 
pathway that controls protein 
homeostasis, can explain the 
cognitive and neuronal deficits 
in a mouse model of DS (see 
the Perspective by Halliday and 


SCIENCE sciencemag.org 


Edited by Michael Funk 


n age of wae 


Mallucci). These insights into 
the biological basis underlying 
DS could potentially help in the 
design of treatments for this 
condition. —SMH 
Science, this issue p. 843; 
see also p. 797 


Rillig et al., p. 886 dd ¢ Wye 


» dark 
rogen alpha 
e solar surface 


> > % 5 
i pce oN SN 


Science, this issue p. 838 


The architecture aoe 

of the RSC complex 

RSC is a Snf2-family chromatin 

remodeler complex that controls 

the promoter architecture of Irreversible 


most of the genes in yeast. Using 
single-particle cryo—electron 
microscopy, Ye et al. determined 
the structure of RSC bound to 
the nucleosome. The structure 
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splitting of light 

Prisms and dielectric beam 
splitters tend to be unitary and 
reversible optical elements, 


* 


reveals the modular architecture 
of RSC, shows how RSC engages 
the nucleosome, and explains 
the remodeling directionality. 
RSC shows strong similarities to 
homologous human complexes 
that are frequently mutated 

in cancers, and this structure 
provides valuable information for 
understanding these systems. 


SOLAR PHYSICS 


Magnetic fields can 
generate spicules 


picules are small jets of plasma 

from the surface of the Sun that 

last a few minutes. Around a million 

are occurring at any moment, 

even during periods of low solar 
activity. The mechanism responsible for 
launching spicules remains unknown, 
as is their contribution to heating the 
solar corona. Samanta et al. observed 
emerging spicules and the magnetic 
fields in the adjacent solar surface. They 
found that many spicules appear a few 
minutes after a patch of reverse-polarity 
magnetic field and that the overlying 
corona is heated shortly afterward. This 
result provides evidence that magnetic 
reconnection can generate spicules, 
which then transfer energy to the 
corona. —KTS 


Science, this issue p. 890 


with the quantum properties of 
the photons largely irrelevant. 
Kurtscheid et al. introduce 
a method of irreversibly, but 
coherently, populating a split 
state with photons by ther- 
malizing the photons into a 
low-energy ground state by 
repeated absorption-emission 
interaction with a fluorescent 
dye within a double-dimple opti- 
cal cavity. Generation of such 
a coherent split state could be 
used as a precursor step to the 
quasi-continuous creation of 
many-body entangled states of 
light, which could be useful in 
applications in quantum com- 
munication, computing, and 
simulation. —ISO 

Science, this issue p. 894 


15 NOVEMBER 2019 + VOL 366 ISSUE 6467 833 


RESEARCH | IN SCIENCE JOURNALS 


IMMUNOLOGY 
Peptide mimicry breaks 
the heart 


Myocarditis, a prolonged 
chronic inflammation of heart 
muscle, can eventually progress 
to inflammatory cardiomy- 
opathy, a serious condition 
associated with heart failure. 
Activated T helper (T,,) cells 
that recognize myosin heavy 
chain 6—-derived peptides are 
thought to play a central role 
in this pathogenesis. Using a 
mouse model of myocarditis, 
Gil-Cruz et al. found that cardiac 
myosin-reactive T,, cells are 
initially primed by myosin- 
peptide mimics derived from 
commensal Bacteroides species 
in the gut (see the Perspective 
by Epelman). Unlike heathy 
controls, human myocarditis 
patients also showed detect- 
able immune reactivity to both 
Bacteroides and cardiac myosin 
antigens. Treatment with antibi- 
otics dampened inflammatory 
responses and prevented lethal 
heart disease. —STS 

Science, this issue p. 881; 

see also p.806 


NUTRIENT DELIVERY 
Mitigating micronutrient 
deficiency 


Micronutrient deficiencies that 
impair growth and contribute to 
disease remain leading public 
health concerns, particularly 
within the developing world. 
Although fortification of food 
can help treat deficiencies, 
heat used during cooking and 
other conditions can degrade 
vitamins, preventing adequate 
absorption. Anselmo et al. 
developed a polymer coating 
to encapsulate micronutrients, 
11 of which showed improved 
stability against oxidation, 
heat, and other conditions. 
Micronutrients were absorbed 
by the intestine when micropar- 
ticles were administered to 
rodents. The researchers used 
data from two clinical trials 
and experiments using human 
intestinal tissue to optimize 
microparticle formulations, 
enhance iron loading, improve 
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bioavailability, retain stability 
during cooking, and allow for 
scale-up. This microparticle 
platform could help improve 
oral delivery of micronutrients. 
—CC 

Sci. Transl. Med. 11, eaaw3680 (2019). 


ANTHROPOLOGY 
Change in climate 


withered an empire 


From roughly 912 to 609 BCE, 
the Neo-Assyrian Empire rose 
as one of the most powerful 
superpowers of its time, domi- 
nating much of the Near East. 
Sinha et al. propose that mega- 
droughts played an important 
role in the rapid decline in the 
empire's power, from its height 
around 670 BCE to its collapse 
only six decades later. Precisely 
dated cave deposits from north- 
ern Iraq preserved a record 
of precipitation and effective 
moisture over a 4000-year 
period that includes the span 
of the Neo-Assyrian Empire. 
This record demonstrates that 
the rise of the empire occurred 
during a roughly 200-year 
interval of abundant rainfall. 
Subsequently, severe mega- 
droughts characterized the 
climate across the empire, likely 
contributing to the empire's 
rapid decline. —KVH 
Sci. Adv. 10.1126/ 
sciadv.aax6656 (2019). 


ELECTROCHEMISTRY 
Nanocage-chain fuel 
cell catalysts 


The expense and scarcity 
of platinum has driven efforts 
to improve oxygen-reduction 
catalysts in proton-exchange 
membrane fuel cells. Tian et al. 
synthesized chains of platinum- 
nickel alloy nanospheres 
connected by necking regions. 
These structures can be 
etched to form nanocages with 
platinum-rich surfaces that are 
highly active for oxygen reduc- 
tion. In fuel cells running on air 
and hydrogen, these catalysts 
operated for at least 180 hours. 
—PDS 

Science, this issue p. 850 
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IN OTHER JOURNALS 


ORGANIC CHEMISTRY 
Anti-Markovnikov 


hydroamination 


Catalytic hydroamination is an 
efficient and waste-free way to 
form amines, enamines, and 
imines, which are important 
synthetic intermediates in many 
organic syntheses of bioactive 
compounds and often have 
essential physiological and 
biological activity themselves. 
The development of these types 
of hydroamination reactions 
is a persistent research topic 
in organic and pharmaceutical 
chemistry. Miller et a/. report 
a synthetic protocol for the 
intermolecular anti-Markovnikov 
hydroamination of unactivated 
alkenes with primary alkylamines 
to generate secondary amine 
products in the presence of 
an iridium photocatalyst and 
a thiol cocatalyst. This proto- 
col addresses a long-standing 
synthetic challenge of monoal- 
kylation of primary amines and 
demonstrates high selectivity for 
secondary amines over tertiary 
amine products, though further 
work is required to understand its 
underlying mechanism. —YS 
J.Am. Chem. Soc. 141, 16590 (2019). 
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POLLINATION 
Nectar—but not 
for parasites 


Bumble bees are vulnerable 
to parasitism by a flagellated 
trypanosome (some species 
of which are important human 
pathogens). The parasite 
Crithidia bombi, in combination 
with environmental stresses, 
can promote declines in bumble 
bee populations by reducing 
foraging and reproductive 
success. Koch et a/. developed 
a chromatographic pipeline to 
efficiently search for natural 
products in single-species honey 
that might protect pollinators. 
Of the four most bioactive spe- 
cies the authors found, nectar 
from Calluna vulgaris, an iconic 
moorland plant in the United 
Kingdom, contains a compound 
called callunene, which pro- 
motes flagella shedding by the 
parasite, eliminating its ability to 
attach to the bumble bees’ gut 
epithelial cells and cause infec- 
tion. If bees ingest C. vulgaris 
nectar in high amounts, they are 
protected from infection, but if 
they are already infected, there 
is no curative effect. —CA 

Curr. Biol. 29,3494 (2019). 
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IMAGE: NEAGU ETAL., ACS NANO 10.1021/ACSNANO.9B05652 (2019) 


NANOMATERIALS 
Watching metal 
nanoparticle exsolution 


Metal nanoparticles (NPs) grown 
from complex oxides through 
exsolution can be better anchored 
to their support in “sockets” than 
ones deposited on the surface. 
Neagu et al. followed the formation 
of nickel NPs from two perovskites, 
Lag 43g a7Nig og Fig gg and 

Lag gCe, Ni, Ti,,03-An environ- 
mental transmission electron 
microscope enabled kinetics 

and structural studies of powder 


SCIENCE sciencemag.org 


samples exposed to reducing 
gases [hydrogen (H,) and carbon 
monoxide (CO)] at high tempera- 
tures (650° to 1000°C). Different 
atmospheric conditions changed 
NP shape—exposure to H, 
formed rounder NPs, NPs formed 
in vacuum were more faceted, 
and exposure to CO formed cubic 
NPs. NP growth was not mono- 
tonic but occurred in a stepwise 
manner, alternating between 
growth spurts and periods of 
quiescence. —PDS 
ACS Nano 10.1021/ 
acsnano.9b05652 (2019). 


3D model of a nickel 
nanoparticle grown under 
vacuum on perovskite 


FOREST CONSERVATION 


Corridors for biodiversity 
among oil palms 


onnections between areas of natural 
habitat are key to conservation in land- 
scapes fragmented by human activity. 
Scriven et al. modeled the effectiveness 
of set-aside conservation patches 
in oil palm plantation landscapes in Borneo 
for connectivity among forest organisms 
with different levels of dispersal ability. They 
found that the connectivity benefits of the 
set-aside patches, if they are fully reforested, 
would be greatest for relatively poorly dis- 
persing organisms, such as smaller winged 
insects. These findings provide guidance for 
the effective management of the patches 
of habitat and biodiversity that remain in 
these highly impacted landscapes. -AMS 
J. Appl. Ecol. 56,2274 (2019). 


Forest corridors in oil palm plantations help 
the dispersal of smaller organisms. 


REPRODUCTION 
Organelle fusion 

in fertility 

The fertility of organisms as 
diverse as male fruit flies and 
mice requires a mitochon- 

drial fusion gene. But what 

for? Mitochondria cluster 

and fuse during early sperm 
development with the help of 
guanosine triphosphatases 
called mitofusins. When mito- 
chondrial fusion fails, oxidative 
phosphorylation decreases, and 
mitochondrial transport and 
degradation are also affected. 
Varuzhanyan et al. tested how 
reliant the success of male 
germ cell development in mice 
is on mitofusins. Mitofusins are 
needed to trigger a metabolic 
shift during meiosis. When 
mitofusins are eliminated, germ 
cells display damage to the 
cristae ultrastructure, increased 
apoptosis, reduced oxidative 
phosphorylation, and a loss of 
mitochondrial ribosomes. 
Thus, mitofusins are vital for 
maintaining translation of respi- 
ratory chain and mitochondrial 
proteins to enable male fertility. 
—BAP 


eLife 8,e51601 (2019). 
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T CELLS 
VISTA is a pH-selective 
checkpoint 


The V-domain immunoglobulin 
suppressor of T cell activation 
(VISTA) is a negative check- 
point regulator that restrains 
T cell antitumor activity. VISTA 
modulates innate and adap- 
tive immune responses using 
mechanisms unlike those of 
other immune checkpoint 
molecules. Johnston et al. report 
that under acidic pH conditions, 
such as those found within the 
tumor microenvironment, VISTA 
suppresses T cell activity. The 
researchers further show that 
VISTA deactivates immune 
responses because it is a ligand 
for the adhesion and coinhibitory 
receptor P-selectin glycopro- 
tein ligand-1 (PSGL-1), which it 
engages through a histidine- 
rich interface. Disruption of 
VISTA-T cell interactions using 
acidic pH-selective antibodies 
could reverse T cell suppres- 
sion. Modulation of VISTA may 
therefore provide a therapeutic 
means to enhance antitumor 
immunity. —PNK 

Nature 574, 565 (2019). 


SOCIAL SCIENCE 
Predicting future terror 
attacks 


Future attacks by terrorist orga- 
nizations are difficult to predict 
because their organizational 
capabilities and resources are 
hidden. Yang et al. developed a 
modeling approach for estimat- 
ing these parameters to predict 
future terror attacks. By testing 
their model against the Global 
Terrorism Database, they could 
explain about 60% of the vari- 
ance in a terrorist group's future 
lethality using only its first 10 
to 20 attacks, outperforming 
previous models. The model also 
captures the dynamics by 
which terror organizations shift 
from random, low-fatality attacks 
to nonrandom, high-fatality 
attacks. These results have 
implications for efforts to combat 
terrorism worldwide. —TSR 

Proc. Natl. Acad. Sci, U.S.A. 116, 

21463 (2019). 
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ALSO IN SCIENCE JOURNALS é feaoiiiciasleick 


DEVELOPMENTAL BIOLOGY 
In vitro development 
of monkey embryos 


Owing to technical and ethical 
limitations, the molecular and 
cellular mechanisms underly- 
ing primate gastrulation are far 
from clear (see the Perspective 
by Tam). Two independent 
studies used an in vitro culture 
system to study cynomolgus 
monkey embryo postimplanta- 
tion development up to and 
beyond gastrulation (day 9 to 
day 20). Niu et al. observed in 
vivo morphogenetic events and 
used single-cell RNA sequencing 
and single-cell chromatin acces- 
sibility to study the distinct cell 
lineages in developing embryos. 
Ma et al. also observed that key 
events of in vivo early develop- 
ment were recapitulated in their 
system, and single-cell RNA- 
sequencing analysis revealed 
molecular signatures of post- 
implantation cell types. These 
systems will help elucidate the 
dynamics and regulation of 
gastrulation in primates, includ- 
ing possible relevance to human 
development. —BAP 

Science, this issue p. 837, p. 836; 

see also p. 798 


LASER PHYSICS 


Filling the terahertz gap 
Compared with other wave- 
lengths, coherent sources of 
electromagnetic radiation in the 
terahertz regime are relatively 
scarce. Despite a number 

of applications in security 
imaging, spectroscopy, and 
chemical analysis, it has been 
experimentally challenging to 
produce such light. Chevalier 

et al. demonstrate an approach 
involving the excitation of a 
molecular gas with a quantum 
cascade laser. They show that 
they can tune into a broad 
range of desired wavelengths by 
carefully selecting the required 
molecular transition. A compact 
platform—the size of a shoe 
box—and widely tunable source 
of coherent terahertz radiation 
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should find immediate applica- 
tion across a number of fields. 
—ISO 


Science, this issue p. 856 


GLASSES 
Aglass that won't break 


Oxide glasses are important for 
applications ranging from smart- 
phone screens to window panes. 
One familiar feature of glass is 
that it fractures and shatters 
when rapidly deformed, limiting 
the number of potential uses. 
However, Frankberg et al. found 
that they could deform thin films 
of glassy alumina (AI,O,) with 
high strain rates at room tem- 
perature (see the Perspective 
by Wondraczek). This surprising 
observation is supported by 
simulations of the material that 
show that dense and flawless 
glassy alumina samples can 
deform this way. The discovery 
provides important insight into 
designing new glasses that 
might be more fracture resistant. 
—BG 

Science, this issue p. 864; 

see also p. 804 


OPTOELECTRONICS 


Switching light on-chip 
The development of practi- 
cal, reconfigurable photonics 
requires a platform that can 
be scaled to large circuits 
and driven by low-voltage 
complementary metal-oxide 
semiconductor (CMOS) elec- 
tronics. Such a platform requires 
that switching devices possess 
a compact footprint, low driving 
voltages, fast switching, low 
optical losses, and low power 
consumption. Haffner et al. dem- 
onstrate that the combination of 
opto-electro-mechanical effects 
with plasmonic devices can pro- 
vide a platform that meets all the 
above criteria. The results are 
promising for developing on-chip 
integrated optical networks that 
can be switched by CMOS-level 
voltages. —ISO 

Science, this issue p. 860 
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POLYMER CHEMISTRY 
Cross-linking a range 
of alkyl polymers 


Some alkyl polymers, such as 
polyethylene, can be cross- 
linked by using peroxides or 
high-energy radiation or through 
the addition of a radical forming 
agent. Others, like polypropyl- 
ene, are likely to undergo chain 
scission, and this process tends 
to be uncontrolled in the distri- 
bution of the cross-links. Lepage 
et al. developed a widely applica- 
ble approach using bis-diazirine 
molecules as cross-linking 
agents (see the Perspective by 
de Zwart et al.). These molecules 
can be thermally or photochemi- 
cally activated to form carbenes 
that readily insert into the poly- 
mer carbon-hydrogen bonds, 
thus leading to cross-linking. 
The bis-diazirine is nonexplosive, 
nonvolatile, and easily activated 
at relatively mild temperatures 
and thus could be used to fine- 
tune the properties of existing 
polymers through small chemi- 
cal modifications. -MSL 

Science, this issue p. 875; 

see also p. 800 


FRESHWATER ECOLOGY 
Change in plants as 
bicarbonate rises 


Freshwater plants can be 
broadly divided into two major 
categories according to their 
photosynthetic traits: Some use 
carbon dioxide as their carbon 
source, whereas others use 
bicarbonate. Iversen et al. found 
that the relative concentrations 
of these two inorganic carbon 
forms in water determine the 
functional composition of plant 
communities across freshwater 
ecosystems (see the Perspective 
by Marcé and Obrador). They 
created global maps revealing 
that community composition 

is structured by catchment 
geology and not climate (in 
contrast to the terrestrial realm, 
where the trait composition is 
structured by temperature and 
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rainfall). Anthropogenic influ- 
ences from land-use change are 
causing large-scale increases 
in bicarbonate concentrations 
in freshwater catchments and 
are thus leading to wholesale 
changes in the composition of 
their aquatic plant communities. 
—AMS 

Science, this issue p. 878; 

see also p. 805 


SOIL ECOLOGY 
Many factors influence 
global change 


Global environmental change is 
driven by multiple natural and 
anthropogenic factors. With 
a focus on global change as it 
affects soils, Rillig et a/. point out 
that nearly all published studies 
consider just one or two factors 
at a time (see the Perspective 
by Manning). In a laboratory 
experiment, they tested 10 
drivers of global change both 
individually and in combina- 
tion, at levels ranging from 2 
to 10 factors. They found that 
soil properties, processes, and 
microbial communities could not 
be predicted from single-effect 
responses and that multiple 
factors in combination produced 
unsuspected responses. They 
concluded that single-factor 
studies remain important for 
uncovering mechanisms but 
that global change biology 
needs to embrace more fully the 
multitude of drivers impinging 
on ecosystems. —AMS 

Science, this issue p. 886; 

see also p. 801 


ASTHMA 
Neutrophils keep 
the peace 


Allergic airway inflammation is 

a complex disease, and multiple 
immune and nonimmune factors 
contribute to its development 
and progression. Using a house 
dust mite-induced mouse 
model of allergic inflammation, 
Patel et al. found that depletion 
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of neutrophils worsens airway 
inflammation and enhances 
myelopoiesis—the proliferation 
of bone marrow cells—driven by 
granulocyte colony-stimulating 
factor (G-CSF). Experiments 
demonstrate a previously 
unsuspected link between this 
hormone and type 2 innate 
lymphoid cells (ILC2s). G-CSF 
acts directly on both human 
and mouse ILC2s to promote 
production of the cytokines 
interleukin-5 and -13. —AB 

Sci. Immunol. 4, eaax7006 (2019). 


2D MATERIALS 
Taking electrical control 


Excitons—bound pairs of 
electrons and holes in a solid— 
can, in principle, be used as 
information carriers. However, 
their lifetime is limited because 
the electrons and holes tend to 
quickly recombine. One way to 
extend this lifetime is to physi- 
cally separate electrons and 
holes—for example, by having 
them reside in different layers of 
a van der Waals heterostructure. 
Jauregui et a/. used this strategy 
to form long-lived interlayer 
excitons in a heterostructure 
made out of monolayers of 
molybdenum diselenide (MoSe,) 
and tungsten diselenide (WSe,). 
Through electrical control of the 
layers in the heterostructure, the 
researchers further increased 
exciton lifetime and formed and 
manipulated charged excitons. 
—JS 

Science, this issue p. 870 
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DEVELOPMENTAL BIOLOGY 


In vitro culture of cynomolgus monkey embryos 


beyond early gastrulation 


Huaixiao Ma*, Jinglei Zhai*, Haifeng Wan*, Xiangxiang Jiang*, Xiaoxiao Wang, Lin Wang, 
Yunlong Xiang, Xiechao He, Zhen-Ao Zhao, Bo Zhao, Ping Zheng+, Lei Lit, Hongmei Wangt 


INTRODUCTION: Gastrulation is a landmark 
event in development that involves a complex 
series of molecular, physical, and energetic 
remodeling transitions in early embryogene- 
sis. Processes vary among species, leading 
to the diversity of animal forms on Earth. A 
dearth of primate embryo samples at the 
gastrulation stage has limited our understand- 
ing of this critical event in primates. Recently, 
human embryos were grown in culture for 12 
to 13 days. Many governments and interna- 
tional organizations have recommended that 
human embryos should not be allowed to 
grow beyond 14: days in vitro. Therefore, it is 
expected that analysis of nonhuman primate 
embryo model systems will elucidate mecha- 
nisms underlying gastrulation and hopefully 


In vitro culture of monkey embryos 
d.p.f. 13-14 


shed light on human development and the 
processes associated with defects and disease 
that arise during early development. 


RATIONALE: Monkeys have long been consid- 
ered a reliable animal model with which to 
study human physiological and pathological 
events because of their high degree of sim- 
ilarity to humans in both genomic and mor- 
phological characteristics. Therefore, we 
developed a system that supports the growth 
of cynomolgus monkey embryos in vitro for 
up to 20 days postfertilization (d.p.f.). Histo- 
logical and immunofluorescent staining, 
combined with single-cell RNA-sequencing 
(RNA-seq) analysis, demonstrated that these 
in vitro-cultured (IVC) monkey embryos de- 


Single-cell analysis 


e in vitro 
ein vivo 


Developmental trajectory 


L-Gast2 


Monkey embryos grow in vitro beyond early gastrulation. IVC embryos were stained with antibodies for 
OCT4 (green) and GATA6 (red) (d.p.f. 13 to 14 or 19) or H&E (d.p.f. 20). Single-cell transcriptome 

analysis revealed the similarities among cell types in the in vitro and in vivo monkey early embryos and the 
developmental trajectory of epiblast derivatives. Scale bars, 100 um. 


Ma et al., Science 366, 836 (2019) 
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veloped beyond early gastrulation and reca- 
pitulated key events of early primate in vivo 
postimplantation development. 


RESULTS: We cultured cynomolgus monkey 
blastocysts with a mature blastocoel (d.p.f. 7 
to 8) using the IVC system. At d.p.f. 13 to 
14, a bilaminar disc-like structure appeared 
in ~27.7 + 3.2% of the IVC embryos (n = 167, 
26 experiments). At d.p.f. 15 to 16, the disc- 
like structure was clearly observable under the 
optical microscope. Some of the embryos suc- 


cessfully developed to d.pf. 
20 in vitro. Hematoxylin 
Read the full article and eosin (H&E) and im- 


at http://dx.doi. 
org/10.1126/ 
science.aax7890 


munofluorescent staining 
confirmed that the IVC 
embryos recapitulated the 
major hallmarks of in vivo 
early postimplantation development: segre- 
gation of the epiblast (OCT4*, NANOG"*) and 
hypoblast (GATA6") lineages; formation of 
the amniotic and yolk sac cavities; appear- 
ance of the presumptive primordial germ cells 
(SOX17*, TFAP2C*, BLIMP1"); establishment 
of the anterior-posterior axis (asymmetric lo- 
calization of OTX2" cells); and gastrulation itself 
(gastrulating cells: T'/OCT4*, VIMENTIN*/T*/ 
OCT4"). Furthermore, single-cell RNA-seq anal- 
ysis showed that the monkey IVC embryos 
were similar to their in vivo counterparts in 
gene expression profiles and cell types, in- 
cluding presumptive parietal trophoblasts, 
extraembryonic mesenchyme cells, postim- 
plantation early and late epiblasts (E-EPI and 
L-EPI, respectively), visceral and yolk sac en- 
doderm, early primordial germ cells (E-PGC), 
early gastrulating cells (E-Gast), late gastru- 
lating cells 1 and 2 (L-Gastl and L-Gast2, re- 
spectively), early amnion cells (E-AM), and 
late amnion cells 1 and 2 (L-AM1 and L-AM2, 
respectively). 


CONCLUSION: We have established an IVC sys- 
tem that can support the development of 
cynomolgus monkey embryos beyond early 
gastrulation in vitro. The IVC embryos reca- 
pitulate numerous key events of in vivo early 
postimplantation development of primate em- 
bryos. Single-cell RNA-seq analysis reveals the 
molecular signatures of several cell types of 
primate early postimplantation embryos, includ- 
ing amnion cells. The monkey IVC system pro- 
vides a platform for future studies of molecular 
signatures and mechanisms of early embryogen- 
esis that are specific to primates with potential 
relevance to human diseases that arise during 
early development. 


The list of author affiliations is available in the full article online. 
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DEVELOPMENTAL BIOLOGY 


In vitro culture of cynomolgus monkey embryos 


beyond early gastrulation 


Huaixiao Ma’>*, Jinglei Zhai>*4*, Haifeng Wan*>*, Xiangxiang Jiang’**, Xiaoxiao Wang'*+, 
Lin Wang’, Yunlong Xiang’, Xiechao He®, Zhen-Ao Zhao!, Bo Zhao“, Ping Zheng”>"°+, 


Lei Li??*+, Hongmei Wang??++ 


Gastrulation is a key event in embryonic development when the germ layers are specified and the basic 
animal body plan is established. The complexities of primate gastrulation remain a mystery because 
of the difficulties in accessing primate embryos at this stage. Here, we report the establishment of 

an in vitro culture (IVC) system that supports the continuous development of cynomolgus monkey 
blastocysts beyond early gastrulation up to 20 days after fertilization. The IVC embryos highly 
recapitulated the key events of in vivo early postimplantation development, including segregation of the 
epiblast and hypoblast, formation of the amniotic and yolk sac cavities, appearance of the primordial 
germ cells, and establishment of the anterior-posterior axis. Single-cell RNA-sequencing analyses of 
the IVC embryos provide information about lineage specification during primate early postimplantation 
development. This system provides a platform with which to explore the characteristics and mechanisms 
of early postimplantation embryogenesis in primates with possible conservation of cell movements 


and lineages in human embryogenesis. 


he mammalian zygote develops to the 

blastocyst stage through several cleav- 

age divisions in the oviduct before the 

blastocyst implants into the maternal 

uterus for further development (7). After 
implantation, gastrulation occurs, which is de- 
fined by the formation of the primitive streak 
(PS); the activation of a set of molecular mark- 
ers, including 7/Brachyury and Otx2 (2, 3); 
and a succession of morphogenetic rearrange- 
ments, resulting in the formation of the primary 
germ layers and a fundamental body plan (4, 5). 
Gastrulation has been very difficult to observe 
and analyze because it happens within the 
uterus. Therefore, in vitro culture (IVC) sys- 
tems serve as a powerful tool to solve this 
problem. Mouse blastocysts have been cul- 
tivated in vitro up to the egg cylinder stage 
(6-10). In fact, by combining an IVC system 
with live imaging, anterior-posterior (A-P) axis 
formation and egg cylinder morphogenesis 
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have been characterized in mouse embryos 
cultured in vitro (JJ, 12). 

Despite the advances made with mouse em- 
bryo IVC systems, murine development events 
do not fully reflect primate embryogenesis be- 
cause the morphogenesis of early postimplan- 
tation primate embryos is very different from 
that in rodent embryos (13, 14). Instead of form- 
ing a cuplike egg cylinder as in the mouse em- 
bryo, epiblast (EPI) cells in the primate embryo 
are flattened to form a bilaminar disc. Human 
embryos have been cultured in vitro for 12 to 
13 days to initiate the formation of the EPI 
cells, amnion, and yolk sac (J5, 16), and this 
system has been used to investigate the exit 
of EPI cells from the naive pluripotent state 
in human embryos (/7). Because of ethical reg- 
ulations worldwide, culture of human embryos 
has to be stopped before 14 days postfertiliza- 
tion (d.p.f.), so human gastrulation-related 
events have not been explored in vitro (/4, 18). 
Monkeys have been considered a reliable 
animal model with which to study human 
physiology and pathology because of their 
evolutionary, genomic, and physiological 
similarities to humans (73). The establishment 
of an IVC system for monkey postimplantation 
development would substantially improve our 
understanding of primate and human early 
embryonic development and related diseases. 
In particular, the blastocysts of the marmoset, 
a New World primate species, have been pre- 
viously cultured for the study of postim- 
plantation primate embryonic development. 
However, the resultant embryoids were not 
correctly organized (19). In the present study, 
we have established a system that allows cyn- 
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omolgus monkey blastocysts to grow in vitro 
up to d.p.f. 20. Our IVC monkey embryos 
largely recapitulate critical events of in vivo 
early postimplantation development at the 
structural, cellular, and molecular levels and 
develop beyond early gastrulation. 


In vitro culture of monkey embryos until d.p.f. 20 


Cynomolgus monkey (Macaca fascicularis) 
blastocysts were obtained from an in vitro fer- 
tilization (IVF) procedure as previously reported 
(Fig. 1A and fig. S1, A and B) (20). Blastocysts 
at d.p.f. 7 to 8 with a mature blastocoel (>75% 
volume of the embryo) were selected for fur- 
ther culture (Fig. 1B and fig. S1, A and B). After 
removing the zona pellucida, the monkey 
blastocysts (nm = 167) were cultured in con- 
ventional Matrigel-coated petri dishes con- 
taining media adapted from mouse blastocyst 
cultural media (Fig. 1, fig. S2, and tables S1 
and 82) (7, 10). After 2 days of culture, at d.p-f. 
9 to 10, ~67.3 + 3.5% of embryos started to 
attach onto the dish, whereas the remainder 
attached onto the dish at d.p-f. 11 to 12 (table S3). 
The culture medium was changed daily after 
the embryos attached onto the dish (table S2). 
At d.pf. 9 to 10, the embryos gradually enlarged, 
whereas the trophoblastic cells adjacent to the 
inner cell mass (ICM) firmly attached onto the 
Matrigel. At d.p.f. 11 to 12, the trophoblastic cells 
migrated onto the Matrigel surface and rapidly 
proliferated to form a flat and roughly circular 
sheet of outgrowth cells. By contrast, the ICM 
remained as a spherical and dense cell mass 
in the center of the outgrowth. At d.p-f. 13 to 
14, a disclike structure appeared in ~27.7 + 
3.2% of the IVC embryos (n =167, 26 experi- 
ments; Fig. 1B, fig. S3, and table S3). At d.p-f. 
15 to 16, the disclike structure was clearly ob- 
servable under the optical microscope (Fig. 1B). 
Embryos that attached onto the dish at d.p-f. 
8 to 9 had a higher chance of successfully 
forming disclike structures than those that 
attached onto the dish at d.p-f. 10 to 11 (35.4 + 
3.9%, n = 115, versus 5.9 + 2.8%, n = 52; p < 
0.01), suggesting that successful implantation 
during a critical time window might be im- 
portant for further embryonic development. 
Although many IVC embryos started to show 
worsening morphology after d.p.f. 15, a por- 
tion of embryos with the bilaminar disc-like 
structure survived and developed to d.p.f. 16 
to 17 (n = 14), and some even up to d.p.f. 19 to 
20 (n = 4) (fig. S3). 

IVC embryos with the disclike structures 
were fixed and analyzed by hematoxylin and 
eosin (H&E) staining for study of their overall 
morphology. The d.p.f. 15 IVC embryos con- 
tained tightly packed, columnar EPI-like 
cells (EPILCs) and epithelial amnion-like 
cells (AMLCs), together forming the amnion 
sac-like cavity (AMSLC) (Fig. 1C). Adjacent to 
EPILCs, we also observed a secondary yolk 
sac-like cavity (SYSLC), which was surrounded 
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Fig. 1. Establishment of the IVC system for monkey embryos. (A) Time scheme of superovulation, IVF, 
and one-cell to gastrulation transition in the IVC system. rhFSH, recombinant human follicle-stimulating 
hormone; rhCG, recombinant human chorionic gonadotrophin. (B) Representative bright-field images 

of cynomolgus monkey embryos growing at the indicated stages of development. Blue dashed line indicates 
the ICM in d.p.f. 7 to 10 IVC embryos. Black dashed line indicates a portion of the expanded trophoblast 
cells in d.p.f. 11 to 14 IVC embryos. Scale bars, 100 um. (€ and D) H&E staining of the sections of IVC embryos 
with optically visible disclike structure at d.p.f. 15 [n = 1 (C)] and d.p.f. 20 [n = 1 (D)]. Scale bars, 100 um. 


by irregular visceral endoderm-like cells (VELCs) 
and squamous parietal endoderm-like cells 
(PELCs) (Fig. 1C). These structures in the IVC 
embryos continued growing between d.p.f. 15 
and 20, with the rostral end of the discs ap- 
pearing thicker than the caudal end at d.p-f. 
20 (Fig. 1D). Notably, the diameter of the em- 
bryonic discs increased nearly three times from 
~0.166 + 0.017 mm at d.pf. 15 to 16 to ~0.469 + 
0.019 mm at d.p.f. 19 to 20, resembling the size 
changes of in vivo monkey embryos at similar 
stages (21, 22). These histological results sug- 
gest that the IVC embryos were similar to those 
of monkey embryos in vivo (22). 


IVC monkey embryos recapitulate the key 
events of early postimplantation development 


To determine whether the key cellular events 
of monkey early embryogenesis also occur in 
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the IVC embryos, we performed immunofluo- 
rescent staining on IVC embryos at different 
time points using the following lineage mark- 
ers: OCT4 and NANOG for EPI cells; GATA6 
for hypoblast cells; and SOX17, TFAP2C, and 
BLIMP! for primordial germ cells (PGCs) (23, 24). 
In d.p.f. 7 to 8 IVC embryos, the segregation 
of EPI cells and hypoblast progenitor cells 
was observable, and OCT4*/NANOG* EPI cells 
formed a spherical cluster (Fig. 2A and fig. S4A). 
In d.p. 9 to 10 IVC embryos, OCT4*/NANOG* 
EPI cells started to surround a proamniotic 
cavity-like lumen, whereas GATA6* hypoblast 
cells clustered to one side of the EPI cells (Fig. 
2A and fig. S4B). In d.p-f. 11 to 12 IVC embryos, 
the amniotic cavity-like lumen expanded while 
GATAG"* hypoblast cells were clustered to one 
side, marking the preparative step for yolk sac 
formation (Fig. 2A and fig. S4C). SOX17*/ 
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TFAP2C* cells were detected at the amnion 
adjacent to the trophoblasts, beneath the EPI 
cells, or within the visceral endoderm (VE) 
(Fig. 2B and fig. S5). In d.p.f. 13 to 14 IVC 
embryos, EPI cells maintained robust OCT4 
and NANOG expression, whereas amniotic 
cells expressed a relatively low level of OCT4 
and NANOG. Simultaneously, the amniotic 
cavity further expanded, and the GATAG* hy- 
poblast cells formed the yolk sac cavity (Fig. 
2A and fig. S4D). The amniotic cavity and the 
yolk sac cavity delineated a disc structure 
(Fig. 2A and figs. S4D, S5, and S7, A and B). At 
d.p.f. 14 to 16, SOX17'/TFAP2C* and TFAP2C*/ 
BLIMPI' cells appeared beneath the posterior 
EPI cells or within the VE (Fig. 2, B and C, and 
figs. S5 and S6). Therefore, these IVC embryos 
are similar to monkey embryos in vivo (24). 
The mRNA expression of the lineage markers 
was further validated in d.p.f. 15 IVC embryos 
by reverse transcription polymerase chain re- 
action (RT-PCR) (Fig. 2D and table S4). More- 
over, these d.p.f. 15 IVC embryos expressed 
other important ontogenic genes, such as SOX2, 
GATA4, and the mesodermal transcription 
factor and gastrulation regulator 7/Brachyury 
(25) (Fig. 2D). Together, these data suggest that 
IVC embryos develop beyond the bilaminar 
disc stage and recapitulate the major hallmarks 
of monkey in vivo early postimplantation de- 
velopment: segregation of the EPI cells and 
hypoblasts, formation of the amniotic and yolk 
sac cavities, the appearance of presumptive PGCs, 
and probably the initiation of gastrulation. 


Gastrulation is initiated in monkey 
IVC embryos 


In mammals, gastrulation starts with PS for- 
mation and is marked by the migration of 
gastrulating cells (4). When we examined a 
representative d.p.f. 14 IVC embryo stained 
with OCT4 and GATAG, we observed that some 
OCT4* cells appeared between the EPI cells 
and hypoblasts, especially at the presumptive 
caudal end of the disc, suggesting that these 
cells were gastrulating cells (Fig. 3, A and B; 
fig. S7, A and B; and movie S1). We reconstructed 
the images of this embryo at 90° orientation 
and found a putative PS at the caudal end of 
the embryo disc (Fig. 3, C and D, and fig. S7C). 
To further confirm the gastrulating cells, we 
performed coimmunostaining on the IVC em- 
bryos with antibodies against OCT4, GATA6, 
and T, the marker of gastrulating cells (23). At 
d.pf. 11 to 12, T*/OCT4* cells were detected at 
the amnion (Fig. 3E and fig. S8A). In d.p.f. 13 
to 14 IVC embryos, the majority of T*/OCT4* 
cells were still detected at the dorsal amnion, 
but a few began to appear between the EPI 
cells and the VE (Fig. 3E and fig. S8B). In d.p-f. 
15 to 16 IVC embryos, only a few T*/OCT4* 
cells were still located at the amnion; most 
were detected between the EPI cells and the 
VE (Fig. 3E, fig. S8C, and movie S2). At d.p.f. 19, 
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the number of T* cells increased considerably 
(Fig. 3E, fig. S8D, and movie S3). These 
observations suggest that the T*/OCT4* cells 
might be gastrulating cells and could be a 
mixture of nascent gastrulating cells that 
originated from the EPI or cells that might 
have migrated from the dorsal amnion, con- 
sistent with previous reports (23, 24). 
Gastrulation is also characterized by the 
epithelial-mesenchymal transition (EMT) of 
gastrulating cells and the establishment of an 
A-P axis (4). We costained the IVC embryos 
with antibodies for T, OCT4, and VIMENTIN, a 
marker for EMT (26). The results showed that 
some T*/OCT4* cells expressed VIMENTIN 
in d.p.f. 13 to 14 and d.p.f. 16 IVC embryos 
(Fig. 4A and fig. S9). We also stained the IVC 
embryos with antibodies for OTX2 and EOMES, 


Ma et al., Science 366, eaax7890 (2019) 


Zoom 


NANOG 


SOX2 Boo Ba 


TFAP2C 


SOX17 


GAPDH 


two important transcription factors for mouse 
germ layer specification (27, 28). The protein 
expression of OTX2 and EOMES was observed 
in the visceral endoderm of d.p.f. 13 IVC em- 
bryos (Fig. 4, B and C, and fig. S10, A to C). 
Notably, OTX2 was expressed strongly at the 
anterior region but weakly at the posterior 
region in the visceral endoderm of d.p.f. 15 to 
16 IVC embryos (Fig. 4B and fig. S10B). This 
asymmetrical distribution of OTX2 cells in 
d.p.f. 15 to 16 IVC embryos indicates the estab- 
lishment of an A-P axis. We also observed 
neural crest-like, forebrain-like, and neural 
groove-like structures in d.p.f. 19 IVC embryos 
(Fig. 4D; fig. S11, A and B; and movies S3 and 
S4) (29), similar to human embryos at em- 
bryonic days 17 (E17) to E19 [Carnegie stage 8 
(29, 30)]. Taken together, these lines of evi- 
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Fig. 2. Recapitulation of monkey early postimplan- 
tation development in IVC embryos. (A) Monkey 
blastocysts were cultured until d.p.f. 7 to 8 (n = 2), 
d.p.f. 9 to 10 (n = 2), d.p-f. 11 to 12 (n = 3), and 
d.p.f. 13 to 14 (n = 5) and fixed for whole-mount 
staining with antibodies for OCT4 (green), GATA6 
(red), and NANOG (white). Shown are representative 
images reconstructed with the representative 
confocal z-images (d.p.f. 7 to 8, plane nos. 11 to 29; 
d.p.f. 9 to 10, plane nos. 12 to 39; d.p.f. 11 to 12, 
plane nos. 10 to 37; and d.p.f. 13 to 14, plane nos. 

3 to 42). White dashed line and green dashed line 
indicate the proamniotic (d.p.f. 9 to 12) and amniotic 
(after d.p.f. 13) cavity and the yolk sac cavity, 
espectively. White line and red line indicate the EPI 
cells and amniotic cells in the d.p.f. 13 to 14 embryo, 
espectively. Scale bars, 50 um. (B) Monkey blasto- 
cysts were cultured until d.p.f. 10 (n =1), d.p.f. 11 to 
2 (n = 3), and d.p.f. 15 to 16 (n = 4) and then fixed for 
whole-mount staining with antibodies for SOX17 
(green) and TFAP2C (red). The images were recon- 
structed with the representative confocal z-images 
(d.p.f. 10, plane nos. 13 to 38; d.p.f. 11 to 12, plane 
nos. 18 to 44; and d.p.f. 15 to 16, plane nos. 12 to 45). 
White arrowheads indicate SOX17* and TFAP2C* cells. 
White dashed line indicates the proamniotic and 
amniotic cavities at the indicated stages. Scale ba 
50 wm. (C) Monkey blastocysts were cultured until 
d.p.f. 14 (n = 1) and fixed for whole-mount staining 
with antibodies for BLIMP1 (green), TFAP2C (red), and 
OCT4 (white). Shown are representative images 
reconstructed with the representative confocal 
z-images (plane nos. 29 to 46). White arrowheads 
indicate BLIMP1* and TFAP2C* cells. White dashed 
line indicates the amnion cavity. Scale bar, 50 um. 
(D) Monkey embryos (n = 2) were cultured until 
d.p.f. 15 and the discs in the embryos were 
harvested for RT-PCR of the indicated genes. 

PCR without template cDNAs was included 

as the negative control (NC). 


“ 


dence suggest that the IVC monkey embryos 
have developed beyond early gastrulation. 


IVC monkey embryos’ molecular signatures 
are similar to in vivo counterparts 

Previous studies using single-cell RNA-sequencing 
(RNA-seq) analysis delineated the cells of the 
monkey early postimplantation embryos as 
postimplantation early or late EPI (postE-EPI 
or postL-EPI, respectively); gastrulating cells 
1, 2a, and 2b (Gast, 2a and 2b); visceral/yolk 
sac endoderm (VE/YE); extraembryonic mes- 
enchyme (EXMC); postimplantation parie- 
tal trophectoderm (paTE); and early PGC 
(E-PGC) (23, 24). To identify the various cell 
types of the IVC monkey embryos and to un- 
derstand their gene expression dynamics, 
we collected 2016 single cells from nine IVC 
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Fig. 3. Gastrulation in monkey IVC embryos. 

(A) One representative d.p.f. 14 IVC embryo stained 

with antibodies for OCT4 (green) and GATA6 (red). 
Shown is an image reconstructed with the representative 
confocal z-images (plane nos. 206 to 220). Arrowheads 
indicate presumptive gastrulating cells. Scale bar, 60 um. 
(B) Diagram based on the image in (A). AC, amniotic 
cavity. (C) The image in (A) was reconstructed at a 

90° pitch. Scale bar, 60 um. (D) Diagram based on the 
image in (C). (E) Monkey blastocysts were cultured 

until d.p.f. 11 to 12 (n = 2), d.p.f. 13 to 14 (n = 2), 

d.p.f. 15 to 16 (n = 2), and d.p.f. 19 (n = 1) and fixed 

or whole-mount staining with antibodies for GATA6 
(green), T (red), and OCT4 (white). Shown are images 
econstructed with representative confocal z-images 
(d.p.f. 11 to 12, plane nos. 24 to 48; d.p.f. 15 to 16, 

plane nos. 34 to 55; and d.p.f. 19, plane nos. 18 to 43). 
T‘/0CT4* cells are indicated with a white dashed line 

at the indicated stages. Scale bars, 50 um. 


Fig. 4. EMT and the establishment of the A-P axis in IVC 
embryos. (A) Monkey d.p.f. 13 to 14 (n = 2) and d.p.f. 16 
(n = 1) IVC embryos with the disc were stained with 


antibodies for T (green), VIMENTIN (red), and OCT4 (white). 


Shown are images reconstructed with representative 


confocal z-images (d.p.f. 13 to 14, plane nos. 19 to 27; d.p.f. 16, 


plane nos. 206 to 223). White dashed line indicates the 
amniotic cavity at the indicated stages. Scale bars, 50 um. 


(B) Monkey blastocysts were cultured until d.p.f. 13 (n = 1) 


and d.p.f. 15 to 16 (n = 2) and fixed for whole-mount 


staining with antibodies for OTX2 (green) and OCT4 (white). 


White and yellow arrowheads indicate the anterior and 
posterior region in VE, respectively. Shown are images 
reconstructed with representative confocal z-images 


(d.p.f. 13, plane nos. 34 to 45; d.p.f. 15 to 16, plane nos. 58 to 


68). White dashed line indicates the amniotic cavity 
at the indicated stages. Scale bars, 50 um. (©) Monkey 
blastocyst was cultured until d.p.f. 13 (n = 1) and fixed for 


OCT4 (white). Shown are images reconstructed with 
epresentative confocal z-images (plane nos. 28 to 45). 
White dashed line indicates the amniotic cavity at the 
indicated stages. Scale bar, 50 um. (D) Images from 
Fig. 3E at d.p.f. 19 reconstructed by Imaris 9.0.2 with 
epresentative whole z-stack images. The 3D image was 
otated 90° around the y-axis and then clockwise rotated 
at 45° orientation around the z-axis (movie S4). NPFLS, 
neural plate of forebrain-like structure; NGLS, neural 


groove-like structure; Meso, mesoderm. Scale bar, 100 um. 


Ma et al., Science 366, eaax7890 (2019) 15 November 2019 


whole-mount staining with antibodies for EOMES (green) and 


/GATA6 


d.pf.16  d.p.f.13-14 


Anterior 


86 paTE 


X Hypoblast 
Putative 
gastrulating cells 


Posterior 


Amnion 


Amnion 


ee, e 
eo? 
nee \ 


sys Putative 


primitive streak 


Caudal 


Dorsal view 


4: of 7 


6L0Z ‘8z JeqUWeAON UO /Hio HewWweouslos'eouUsI0S//:di1y Wo pepeojuMOG 


RESEARCH | RESEARCH ARTICLE 


Expression 


Qo 


embryos at six developmental stages (d.p-f. 11, 
n=1; d.p.f. 12, n = 2; d.p.f. 13, n = 2; d.p.f. 14, 
n = 2; d.p.f. 16, 2 = 1; and d.p.f. 17, n = 1) and 
performed single-cell RNA-seq using a modi- 
fied Smart-seq2 technique (fig. S12, A and B) 
(31). Among these 2016 cells, 1453 single cells 
with expression of >2000 genes were selected 
for further analyses (fig. S12C and table S5). 
We compared these single cells with those from 
their in vivo counterparts (23). t-Distributed 
stochastic neighbor embedding (t-SNE) anal- 
ysis revealed that cells from IVC and in vivo 
embryos were clustered into six cell types 
as described previously (23), including postE- 
EPI, postL-EPI, VE/YE, Gast, EXMC, and paTE 
(Fig. 5A and fig. $13, A and B). 

After excluding the paTE and EXMC cells, 
the 755 cells [IVC, n = 588; in vivo, n = 167 (23)] 
were reclassified into 10 clusters, including the 
previously annotated postE-EPI, postL-EPI, 
VE/YE, E-PGC, and Gast (23, 24). We annotated 
gastrulating cells into three distinct clusters, the 
early gastrulating cells (E-Gast) and late gastru- 
lating cells 1 and 2 (L-Gastl and L-Gast2). We 
also annotated early amnion cells (E-AM) and 
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Fig. 5. Classification of key cell types 
in the IVC embryos by single-cell 
RNA-seq analysis. (A) Visualization of 
major classes of cells from the IVC 
embryos (d.p.f. 11, 12, 13, 14, 16, and 17; 
red, n = 1453) and the archived in vivo 
embryos [E13, E14, E16, and E17; cyan, 
n= 211; (23)] by t-SNE analysis. AM/Gast, 


ars ages - ee, eg. Wats sages amnion/gastrulating cells. (B) Key cell 
% SS geavenn % ee co types identified from IVC and in vivo 
sal har nes ebm embryos at the indicated development 
ee -20 Nea stages by t-SNE analysis. After excluding 
paTE and EXMC, 10 clusters were 
identified and marked with different 
; colors at specific stages [in vitro, n = 588; 
E-EPI444 genes _—_—Stemceel population maintenance —_in vivo, n = 167; (23)]. (C) Heat map of 
DPPAS, KHDC3L, NANOG, ——-DPPA4, NANOG, PRDM14, PRDM16 DEGs in the 10 clusters of the post- 
BO L-EP1194 genes -—=—=SNeurondifferentiation = implantation embryos. The colors from 
HWM SFRP1, USP44, SOX2 SFRP1, SOX2, FZD7,ERBB2 magenta to yellow indicate relative 
2 expression levels from low to high. 
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analysis results (table S7). 
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L-AM1 79 genes 
ie L-AlM2 872 genes 

Mm PDZRN4, TFAP2A, ISL1 


VE/YE 822 genes 
Ming (HH, GATA4, SOX17, OTX2 


BMPER, FOXF1, HAND1, MESP1 


E-AM 465 genes Embryo development 


TBX3, HOXD3, WNT6, HAND1, WNT3 


Biological adhesion 
LTF, TGFBI, EPO, FREM2, CNTN1, 
TPM1, KRT18, BMP4, NPNT 


Extracellular structure organization 
IHH, FN1, APOA1, LAMB1, COL9A2 


late amnion cells 1 and 2 (L-AM1 and L-AM2) 
(Fig. 5B, fig. S14, and tables S5 to S7). The cell 
clusters that appeared in d.p.f. 11 to 14 IVC 
embryos were similar to those in the E13 to 
E14 embryos in vivo, whereas the clusters in 
d.p.f. 16 to 17 IVC embryos were similar to 
those in E16 to E17 embryos in vivo (Fig. 5B). 
We annotated these cell clusters on the basis 
of their differentially expressed genes (DEGs) 
and the timing of their appearance during 
development (early stages: in vivo E13 to E14/ 
in vitro d.p-f. 11 to 14; late stages: in vivo E16 to 
E17/in vitro d.p.f. 16 to 17; Fig. 5, B and C). 

The postE-EPI, postL-EPI, VE/YE, and E-PGC 
highly expressed genes that were enriched in 
numerous developmental pathways, such as 
stem cell population maintenance in postE- 
EPI, neuron differentiation in postL-EPI, ex- 
tracellular structure organization in VE/YE, 
and mRNA metabolic processes in E-PGC 
(Figs. 5C and 6A and figs. S15 and S16). The 
representative genes that were validated by 
our immunostaining experiments in these cell 
clusters included NANOG and OCT4 in postE- 
EPI, OTX2 in VE/YE, BLIMP] and TFAP2C in 
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E-PGC, and SOX77 in VE/YE and E-PGC (Figs. 
2, A and B, and 4B and fig. S5). We also ob- 
served high or low levels of marker gene ex- 
pression (OTX2, GATA6, and [HH) in the VE/YE 
cluster, suggesting early or later VE/YE cell iden- 
tities (Fig. 6A and fig. S16B). 

Our platform and the number of cells in- 
volved in this study allowed us to reannotate 
the gastrulating cells as E-Gast, L-Gastl, and 
L-Gast2. E-Gast cells were mostly from d.p-f. 
11 to 14 IVC embryos, whereas L-Gast1 and 
L-Gast2 were mainly from d.p.f. 16 to 17 IVC 
embryos (Fig. 5B and fig. S14, A and B). E-Gast 
cells expressed CDX1/2 and T and were en- 
riched with genes in the Nodal signaling 
pathway, such as NODAL and FOXHI] (Figs. 
5C and 6B and fig. S17A). L-Gast1 cells were 
enriched for genes in the gastrulation sig- 
natures, such as 7, MIXL1, and EOMES (Figs. 
5C and 6C and fig. S17B). L-Gast2 cells strongly 
expressed mesodermal development-related 
transcription factors such as FOXF1, HANDI, 
and MESPI (Figs. 5C and 6D and fig. S17C) 
(32, 33). The expression levels of gastrulating 
cell markers (7, EOMES, NODAL, LEFI, and 
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Fig. 6. Gene expression analysis of single cells from the postimplantation embryos. (A to F) t-SNE plots showing the expression patterns of ontogenic markers 
in VE/YE (A), E-Gast (B), L-Gastl (C), L-Gast2 (D), E-AM (E), and L-AM (F) cells (red dashed lines) from the IVC and in vivo embryos. (G) PCA on the single 
cells of postimplantation embryos [IVC, 588 cells; in vivo, 167 cells (23)]. (H) PCA on the single cells of postimplantation embryos) after excluding VE/YE [IVC, 
487 cells; in vivo, 149 cells (23)]. (I) PAGA analysis on 636 single cells from IVC and in vivo embryos. The boldness of the line indicates the degree of the 


relationship between clusters. 


MIXLI) were different in these clusters of cells 
(Fig. 6, A to C, and fig. S17, A and B). In ad- 
dition, both in vitro and in vivo postE-EPI, 
postL-EPI, E-Gast, L-Gast, and VE/YE cells 
expressed representative genes in the Wnt 
signaling pathway in heterogeneous patterns, 
probably reflecting the shared importance of 
Wnt signaling in many subsets of cells during 
gastrulation (fig. S18) (4). The heterogeneous 
expression patterns of the gastrulation markers 
and key regulators of important developmental 
pathways in these clusters further suggest the 
progressive establishment of an A-P axis in the 
IVC embryos (2, 17). 

We also observed three clusters of cells ex- 
hibiting OCT4*/BMP4*/SOX2’ (fig. S19), 
representing potential monkey amnion cells 
(24). We annotated these three clusters as 
E-AM cells, which primarily appeared in d.p-f. 
11 to 14 IVC embryos and E13 to E14 embryos 
in vivo, and late amnion cells 1 and 2 (L-AM1 
or L-AM2), which were primarily present in 
d.p.f. 16 to 17 IVC embryos and E16 to E17 
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embryos in vivo (Fig. 5B and fig. S14) (24). The 
E-AM cells highly expressed embryonic genes 
such as HOXD3, WNT6, and TEAP2A (Figs. 5C 
and 6E and fig. S20), whereas the L-AM1 and 
L-AM2 cells highly expressed genes involved in 
biological adhesion, such as SPNS2, PDZRN4, 
and NGF (Figs. 5C and 6F and fig. S20). 
We next examined the transitions between 
cell lineages. Principal component analysis 
(PCA) indicated a unidirectional progression 
in the EPI developmental trajectory, suggest- 
ing an orderly and progressive specification 
of EPI derivatives (Fig. 6G). By contrast, PCA 
indicated a scattered distribution of VE/YE 
cells (Fig. 6G), suggesting complex and het- 
erogeneous origins of VE/YE cells. To clarify 
our understanding of the EPI developmental 
trajectory of EPI derivatives, we excluded the 
VE/YE cells and performed PCA and partition- 
based graph abstraction (PAGA) analyses. 
These analyses revealed a close relationship 
between E-Gast and postE-EPI or E-AM cells, 
as well as a close similarity between L-Gast1 


15 November 2019 


and postL-EPI or L-AM1 cells, supporting the 
idea that gastrulating cells originate from EPI 
and/or amnion cells (Fig. 6, H and I). These 
relationships were well inosculated with force- 
directed graph-drawing analysis (fig. S21). Single- 
cell analysis of genome-wide gene expression 
profiles suggests that the IVC embryos have 
cell types with gene signatures that are very 
similar to their in vivo counterparts, further 
supporting our morphological and cellular ob- 
servations that our IVC monkey embryos could 
develop beyond early gastrulation. 


Concluding remarks 


In this study, we developed an IVC system 
that supports the growth and development 
of cynomolgus monkey embryos for up to 
d.p.f. 20 without maternal contribution. We 
provide several lines of evidence to demon- 
strate that these IVC embryos recapitulate 
most of the key events of early postimplanta- 
tion development as seen in their in vivo 
counterparts: (i) formation of a clear, bilaminar, 
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disclike structure delineated by the amniotic 
cavity and yolk sac cavity; (ii) timely occurrence 
of several hallmark events, including segrega- 
tion of the EPI and hypoblast, formation of the 
amniotic and yolk sac cavities, specification of 
the presumptive PGCs, and the establishment 
of the A-P axis; (iii) initiation of gastrulation, as 
demonstrated by the formation of the PS, the 
appearance of gastrulating cells, and the EMT 
process of gastrulating cells; and (iv) similar- 
ities in cell types and gene expression profiles 
between IVC embryos and their in vivo coun- 
terparts at the single-cell and genome-wide 
levels. 

We analyzed the IVC embryos by single-cell 
RNA-seq and obtained insights into primate 
early embryogenesis. We identified primate 
amnion cells and characterized their molec- 
ular signatures at different developmental 
stages. We also reannotated primate gastru- 
lating cells as E-Gast, L-Gast1, and L-Gast2 
cells to represent the shifting identities of 
these dynamic cells during primate early 
embryogenesis. 

This study provides a platform technology 
and a data resource with which to further 
investigate the characteristics and key regu- 
lators of early postimplantation embryo- 
genesis in primates. In combination with 
CRISPR-Cas9-mediated gene editing and 
cell lineage tracing, the monkey IVC sys- 
tem could help to elucidate the mysterious 
dynamics of early embryonic development 
in primates, with possible relevance to human 
development. 


Summary of materials and methods 


The experiments on the cynomolgus monkey 
and the mouse were performed according to 
the guidance of the ethics committees of the 
Institute of Zoology and Kunming Institute of 
Zoology, Chinese Academy of Sciences (CAS). 
An in vitro culture system for monkey blasto- 
cysts based on the culture system for mouse 
postimplantation embryos was established. 
H&E staining, RT-PCR, and whole-mount em- 
bryo immunostaining were used to examine 
the histology, key cellular events, and cell line- 
ages of early postimplantation development in 
the IVC monkey embryos. To investigate the 
profiles of gene expression and cell types, 
single cells were isolated from the IVC monkey 
embryos. The libraries of single-cell transcrip- 
tomes were constructed using the Smart-seq2 
method and sequenced with the Hiseq4000 
system. The single-cell data were analyzed by 
the Seurat version 3.0 R package and the 
Scanpy version 1.4.4 Python package. Details 
of the materials and methods are available in 
the supplementary materials. 
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Dissecting primate early post-implantation 
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INTRODUCTION: The period from peri-implantation 
to gastrulation is critical for mammalian em- 
bryogenesis. During this time, connections 
between embryonic and maternal tissues are 
set up, and the primary germ layers and body 
plan are established. There is a substantial gap 
in our knowledge of early human postimplan- 
tation development because of technological 
limitations and ethical considerations. To ex- 
tend the study of human embryogenesis to the 
postimplantation period, an in vitro culture sys- 
tem has been established that extends human 
blastocyst development to the pregastrulation 
stage (up tol12 days) after fertilization, and the 
molecular and cellular events are revealed. 


RATIONALE: With the general prohibition of 
growing human embryos beyond 14 days, close- 
ly related surrogate species can be examined. In 
addition, improvements are needed for primate 
embryo culture to support extended growth 
periods. The establishment of an in vitro cul- 
ture system that enables the development of 
primate embryos beyond the implantation 
period provides an accessible way to study 
molecular and cellular mechanisms that un- 


Day 7-8 


EPI 
PE 


TE 


Cell type: Marker genes: 

@TE KRT7, GATA3 

~ AMEC OCT4, CDX2, TFAP2C 
ICM/EPI OCT4, NANOG 

@PGC SOX17, BLIMP1, TFAP2C 

@PE/VE/YE —GATA4, GATAG6 

@GAS T, OTX2, MIXL1 

@EXMC GATA4, GATA6, POSTN 


derlie postimplantation development, includ- 
ing gastrulation. 


RESULTS: In this study, we have modified a 
human embryo in vitro culture protocol that 
enables the development of cynomolgus mon- 
key (long-tailed macaque) embryos to develop 
up to 20 days after fertilization. The cultured 
cynomolgus embryos recapitulated key primate 
in vivo morphogenetic events, including amni- 
otic and yolk sac cavitation, embryonic and 
extraembryonic lineage specification, speci- 
fication of primordial germ-like cells (PGCLCs), 
and primitive streak cells. We demonstrated 
that the amniotic lumenogenesis is accom- 
panied by the polarization of the epiblast (EPD; 
however, the polarization of PE was not ob- 
served during yolk sac cavitation. We used 
single-cell RNA-sequencing to delineate the 
developmental trajectories of EPI, trophoblast, 
and primitive endoderm (PE) lineages. We ob- 
served that accompanying the transition from 
the naive to primer state, the metabolic mode 
of oxidative phosphorylation is no longer used 
in the EPI cells. Furthermore, the trophoblast 
differentiates in a stepwise manner, and ex- 


Day 11-12 


Amniotic cavity 


Yolk sac 


Day 13-15 


pression of the trophoectoderm marker CDX2 
decreases rapidly after day 11 in the tropho- 
blast but maintains in the amniotic epithelium 
cells. In addition, we identified two types of 
PE lineage. Coordinated interactions were 
observed among EPI, trophoblast, PE, and 
extraembryonic mesenchyme cells during 


the postimplantation pe- 


riod. Furthermore, we 


Read the full article showed that PGCLCs RDG 
at http://dx.doi. cified in vitro are similar 
org/10.1126/ to early-stage PGCs in vivo. 
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Using the single-cell assay 
for transposase-accessible 
chromatin followed by sequencing (scATAC- 
seq), we also identified EPI, trophoblast, PE, 
and EXMC lineages. Last, seATAC-seq re- 
vealed that distal regions of chromatin in the 
EPI lineage exhibited higher accessibility than 
in other cell types. 


CONCLUSION: In this study, we show that mon- 
key embryos show robust development beyond 
14 days after fertilization, surviving until day 
20 without support from maternal tissue. We 
also provide insights into the transcriptional 
programs and chromatin dynamics that un- 
derlie monkey post-implantation development. 
Our system provides a platform to analyze 
molecular and cellular dynamics during pri- 
mate early development. Last, our data may 
help guide the development of improved dif- 
ferentiation protocols for primate pluripotent 
stem cells. 


The full list of author affiliations is available online. 
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Cite this article as: Y. Niu et al., Science 366, eaaw5754 (2019). 
DOI: 10.1126/science.aaw5754. 


Day 16-20 —————_> 


VW 
QAP a © 


Monkey embryos cultured in vitro recapitulate primate postimplantation embryogenesis in vivo. Scheme of monkey postimplantation embryogenesis cultured 
in vitro. ICM, inner cell mass; EPI, epiblast; PE, primitive endoderm; TE, trophectoderm; AMEC, amniotic epithelium cell; PGC, primordial germ cell; VE, visceral 
endoderm; YE, yolk-sac endoderm; EXMC, extra-embryonic mesenchyme cell; and GAS, gastrulating cell. 
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DEVELOPMENTAL BIOLOGY 


Dissecting primate early post-implantation 
development using long-term in vitro embryo culture 


Yuyu Niu}, Niangin Sun‘, Chang Li*+, Ying Lei?’*+, Zhihao Huang*°, Jun Wu*>°, Chenyang Si, 
Xi Dai*?, Chuanyu Liu’, Jingkuan Wei’, Longqi Liu2*, Su Feng’, Yu Kang’, Wei Si, Hong Wang’, 
E. Zhang’, Lu Zhao’, Ziwei Li?, Xi Luo®, Guizhong Cui?, Guangdun Peng®®, 

Juan Carlos Izpistia Belmonte®*, Weizhi Ji?"°*, Tao Tan'* 


The transition from peri-implantation to gastrulation in mammals entails the specification and organization of 
the lineage progenitors into a body plan. Technical and ethical challenges have limited understanding of the 
cellular and molecular mechanisms that underlie this transition. We established a culture system that enabled 
the development of cynomolgus monkey embryos in vitro for up to 20 days. Cultured embryos underwent 
key primate developmental stages, including lineage segregation, bilaminar disc formation, amniotic and yolk 
sac cavitation, and primordial germ cell-like cell (PGCLC) differentiation. Single-cell RNA-sequencing analysis 
revealed development trajectories of primitive endoderm, trophectoderm, epiblast lineages, and PGCLCs. 
Analysis of single-cell chromatin accessibility identified transcription factors specifying each cell type. Our 
results reveal critical developmental events and complex molecular mechanisms underlying nonhuman primate 
embryogenesis in the early postimplantation period, with possible relevance to human development. 


rom peri-implantation, when the blasto- 
cyst attaches to the uterine endometrium, 
to gastrulation when the primary germ 
layers and body plan are established, 
mammalian embryos undergo numerous 
cellular and molecular transitions (7). Mouse 
studies have revealed the molecular mecha- 
nisms that control gastrulation (2-7). However, 
there are considerable anatomical, physiolog- 
ical, and developmental differences between 
mice and humans, limiting the insights de- 
rived from mice that are applicable to human 
embryogenesis (8-10). Although our knowl- 
edge of early human development is improv- 
ing, owing to the derivation of embryonic 
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stem cells (ESCs) from human blastocysts, our 
understanding of the molecular and cellular 
events during early human postimplantation 
development remains limited. 

Recently, an in vitro culture system that al- 
lows human embryos to develop beyond the 
blastocyst stage has facilitated study of the 
postimplantation period. Epiblast (EPI) ex- 
pansion, lineage segregation, and amnion and 
yolk sac formation have been observed in vitro 
(11, 12), but embryos become disorganized by 
day 12. Beyond that point, improved culture 
conditions are needed. However, there are 
ethical considerations in generating human 
embryos, such as the 14-day rule. It is expected 
that examination of closely related species 
would reveal mechanisms conserved among 
different primates, including human. Among 
nonhuman primates, the monkey is our closest 
kin and represents an excellent surrogate 
species. In vivo derived cynomolgus monkey 
embryos have been used to analyze several 
primate postimplantation events, including 
amnion formation and germ cell specifica- 
tion. For example, single-cell RNA-sequencing 
(scRNA- seq) analysis has helped delineate the 
pluripotency program in EPI cells (73, 14). How- 
ever, critical questions remain, including wheth- 
er primate embryos can be cultured beyond 
the gastrulation stage in vitro and what the 
molecular determinants are of embryonic and 
extraembryonic lineage specification. 

To address these questions, we used the hu- 
man embryo culture protocol (Z/, 72) to culture 
cynomolgus embryos beyond gastrulation 
(~14 days) and up to 20 days in vitro. The cul- 
tured cynomolgus embryos underwent peri- 
and postimplantation events typical of higher 
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primate species (9, 10, 15), including embry- 
onic and extraembryonic lineage segregation, 
bilaminar disc generation, amniotic and yolk 
sac cavitation, and primordial germ cell-like 
cell (PGCLC) specification. seRNA-seq and 
single-cell assay for transposase-accessible 
chromatin-using sequencing (scATAC-seq) 
were used to analyze transcriptional and ac- 
cessible chromatin profiles of cynomolgus post- 
implantation embryos at single-cell resolution, 
delineating the developmental trajectories of 
EPI, primitive endoderm (PE), trophectoderm 
(TE), and PGCs and characterizing transcript- 
ion factor (TF) regulatory networks and sig- 
naling pathway interactions. Our results reveal 
the molecular details of early cynomolgus de- 
velopment and will help gain mechanistic in- 
sights into primate embryogenesis. 


Results 
In vitro culture of cynomolgus embryos 


To determine whether primate embryos could be 
cultured in vitro beyond gastrulation (~14 days), 
we used the human embryo culture protocol 
(11, 12) with several modifications: Advanced 
Dulbecco’s Modified Eagle Medium/Ham’s 
F-12 (Advanced DMEM/F12) was replaced with 
DMEM/F12, which was more suitable for mon- 
key embryos culture, and 8 uM Rho-associated, 
coiled-coil containing protein kinase (ROCK) 
inhibitor, Y-27632, was included in culture 
media to prevent apoptosis (Materials and 
methods). Fertilized embryos were cultured to 
the blastocyst stage, the zona pellucida was 
removed, and denuded blastocysts were plated; 
99.4% (n = 104 embryos) were attached to the 
cell-culture dishes by way of the polar TE, 
similar to the human embryos (J/, 12). Mouse 
blastocysts implant by way of the mural TE 
in vivo and in vitro (J6, 17), suggesting species- 
specific differences in the establishment of the 
embryo-endometrial epithelial interface. Most 
(92.31%, m = 104 embryos) cynomolgus em- 
bryos attached at day 10, and after attachment, 
the monkey blastocyst cavity expanded con- 
tinuously until day 20 (21.74%, n = 46 em- 
bryos) (Fig. 1A). Inner cell mass (ICM) cells 
also continued to proliferate, forming a disc- 
like structure (Fig. 1B), with diameter in- 
creased from 113.75 by 86.28 um (long axis by 
short axis, respectively) at day 9 to 216.62 by 
178.33 um at day 20 (Fig. 1B). We observed 
trophoblast villi-like structures sprouting from 
the embryos at day 15 and became evident at 
day 17 (Fig. 1C). In comparison, the human 
embryo blastocyst cavity collapsed soon after 
embryo attachment at day 8, and the disc-like 
and placenta villi-like structures were not 
clearly observed (11, 72). 


Lineage specification in cynomolgus embryos 


Expression of lineage-specific markers— 
EPI (OCT4, NANOG), hypoblast (GATA6), 
and TE (CDX2)—was analyzed by means of 
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Fig. 1. An in vitro culture system for monkey embryos. (A) Representative bright-field images of 

monkey embryos developing in vitro until day 20 (n = 9 embryos for days 13, 15, and 17 and n = 7 embryos 
for other stages). Scale bars, 100 um. Bottom right shows higher magnification of area indicated in 

dotted box in day 15. (B) Measurements of length of embryonic disc (micrometer by micrometer) (long axis 
by short axis) (n = 9 embryos of days 13, 15, and 17 and n = 7 embryos of other stages). (C) Representative 
bright-field images of villous-like structure at days 15 and 17 in cultured embryos (n = 9 embryos of 

each stage). Scale bars, 200 um. Arrows indicate villous-like structure. EPI, epiblast; AM, amnion; 


VE, visceral endoderm; SYS, secondary yolk sac. 


immunofluorescence (IF) in in vitro cultured 
cynomolgus embryos. At day 8, OCT4 was prin- 
cipally expressed in the ICM and weakly ex- 
pressed in the TE. GATAG was expressed in all 
CDX2* cells. GATA6*/CDX2*/OCT4* cells were 
found in the ICM on day 8, suggesting that 
lineage specification was not complete in these 
cells (Fig. 2A). GATA6 expression is not de- 
tectable in human and mouse TE cells (13), 
suggesting species-specific differences in TE 
specification between humans and monkeys. 
By day 9, a few GATA6*/OCT4* cells were de- 
tected in the ICM, and CDX2*/OCT4* cells 
were detected in the TE, suggesting that lin- 
eage transitions are still occurring in these 
cells (Fig. 2B). 

After attachment (approximately day 10), 
few OCT4*/GATA6* and SOX17*/OCT4* cells 
were detected in the ICM. CDX2*/GATA6*™ cells 
were detected mainly in the TE, implying com- 
plete lineage segregation of EPI and TE at this 
stage (Fig. 2C and fig. SIA). On day 11, GATA6* 
cells formed a layer ventral to the EPI cells, 
indicating ongoing differentiation of the vis- 
ceral and yolk sac endoderm (VE/YE) (Fig. 2D). 
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TE marker CDX2 was coexpressed with 
OCT4 and GATAG in peri-implantation cyno- 
molgus embryos (days 8 and 9) (Fig. 2, A and 
B). These markers are not coexpressed in mouse 
and human embryos (13, 18); CDX2 is expressed 
in mouse trophoblast stem cells (TSCs) but not 
in human TSCs (19). To study TE development 
in cynomolgus embryos, we analyzed CDX2, 
OCT4, and GATA6 expression. CDX2 was not 
detected in trophoblast derivatives from day 
12 onward, whereas it was expressed in amniotic 
epithelium cells, which showed low or undetec- 
table GATAG levels (Fig. 2E and fig. SIB). From 
day 12 onward, two groups of OCT4* cells were 
present: columnar cells in proximity to the VE/ 
YE and squamous cells close to trophoblast, a 
sign of the amniotic epithelium differentiation 
(Fig. 2, F and G). NANOG was expressed at high 
levels in the EPI and was only weakly expressed 
or undetectable in the amniotic epithelium, 
whereas OCT4 was expressed both in the EPI 
and amniotic epithelium (Fig. 2, F and G, and 
fig. SIC). By contrast, mouse NANOG expres- 
sion decreases after embryo implantation (20), 
representing species-specific difference. 
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Investigation of the expression of TE markers 
CDX2, GATA3, and CK7 (21-23) revealed that 
CDX2 was not expressed in the CK7* cells at 
day 12. CK7/GATA3 expression was maintained 
in subpopulations of trophoblast cells until day 
17 (fig. SID). These data imply that the putative 
placenta progenitors persisted at least until 
day 17, indicating that CDX2 alone is not a 
suitable marker for cynomolgus TS cells. Thus, 
cynomolgus embryos cultured in vitro could 
initiate embryonic and extraembryonic line- 
age specification in the absence of the mater- 
nal environment and maternal tissues. 


Apical adherent junctions and the amnion 


We asked whether in vitro cultured cynomol- 
gus embryos could form amnion and yolk sac 
cavities. NANOG, FOXA1, and COL6AI1 expres- 
sion were used to delineate the EPI, VE/YE, 
and extraembryonic mesenchyme cells (EXMCs) 
(13, 15, 24). At day 11, we found a small lumen 
surrounded by NANOG* cells. VE/YE cells 
(FOXA1") lined beneath the EPI cells (Fig. 3A). 
At day 13, primary yolk sac composed of FOXA1* 
cells was visible (Fig. 3B). The EPI continued 
to proliferate, forming a convex shape relative 
to the amnion cavity from day 17 onward, and 
the secondary yolk sac-like cavity was clearly 
observed beneath the NANOG-expressing EPI 
(Fig. 3C). 

In mice and humans, polarized EPI cells 
initiate amnion cavity formation (12, 16). We 
postulated that EPI polarization would trigger 
amnion cavity formation in cynomolgus em- 
bryos. To test this idea, we analyzed E-cadherin 
(E-CAD) and atypical protein kinase C (aPKC) 
expression from day 11 to day 17 to trace EPI 
cell (OCT4") polarization. At day 11, E-CAD and 
aPKC were apically localized in EPI cells, which 
formed a rosette-like structure lining a lumen 
at the center of the EPI (Fig. 3D). After expan- 
sion of the amnion cavity, the polarized locali- 
zation of E-CAD and aPKC persisted in EPI 
cells from day 12 (Fig. 3E) to day 17 (fig. S1E), 
suggesting maintenance of polarization of EPI 
during development. 

To investigate whether a similar mechanism 
underlines yolk sac formation in cynomolgus 
embryos, we examined E-CAD and aPKC ex- 
pression in VE/YE cells (FOXA1"). E-CAD was 
not detected, and aPKC was not apically local- 
ized in the yolk sac, either at day 11 or day 17 
(Fig. 3F). Together, these results suggest that 
the apical localization of the adherent junctions 
plays no roles in amnion and yolk sac cavity 
formation in cultured cynomolgus embryos. 


WNT signaling during primitive streak induction 


Ethical considerations regarding human em- 
bryos means primitive streak (PS) induction 
remains poorly understood. Cynomolgus em- 
bryos develop for up to 20 days in culture, 
suggesting that cynomolgus PS induction may 
be recapitulated in vitro. To test this idea, we 
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Fig. 2. Embryonic and extraembryonic lineage specification in monkey G ocr 
embryos cultured in vitro. (A) Representative IF images of embryos at day 8 
(n = 7 embryos). OCT4 (gray), GATA6 (red), CDX2 (green), and DAPI (blue). 
Scale bar, 100 um. (Bottom) Magnification of ICM (yellow dotted lines). 
White dotted lines, ICM. Scale bar, 50 tum. Arrowheads, GATA6*/OCT4* cells 
Day14 


in ICM; arrows, CDX2*/OCT4* cells in TE. (B) Representative IF images of 
embryos at day 9 (n = 4 embryos). OCT4 (gray), GATA6 (red), CDX2 (green), 
agnification of ICM (yellow 
dotted lines). White dotted lines, ICM. Scale bar, 50 pm. Arrowheads, GATA6*/ 
OCT4* cells in ICM; arrows, CDX2*/OCT4* cells in TE. (C) Representative IF images 


and DAPI (blue). Scale bar, 100 um. (Bottom) 


of embryos at day 10 (n = 7 embryos). OCT4 (gray), GATA6 (red), CDX2 (green), 


and DAPI (blue). Scale bar, 250 um. (Bottom) Magnification of inserts (yellow dotted 
lines) in top panels. White dotted lines, ICM. Scale bar, 100 um. (D) Representative 
IF images of embryos at day 11 (n = 4 embryos) staining for OCT4/NANOG/GATA6. 
Scale bar, 50 um. (Bottom) Zooms of inserts (yellow dotted lines) in top panels. 
Scale bar, 25 um. Arrows, EPI; arrowheads: VE/YE. (E) Representative IF images of 
embryos at day 12 (n = 7 embryos) staining for OCT4/GATA6/CDX2. Scale bar, 

100 um. (Bottom) Zooms of inserts (yellow dotted lines) in top panels. Arrows, 

iotic epithelium cells. White dotted lines, EPI. Scale bar, 50 um. (F) Representative 


amn 


analyzed BRACHYURY (also known as T) ex- 
pression, a PS marker, from day 11 (24, 25). On 
day 11, T-expressing cells localized mainly to 
the dorsal amnion cavity, and OCT4 expres- 
sion in these cells was weak. Around day 13, 
some of these cells were found underneath the 
EPI, and OCT4 expression was further reduced 
(Fig. 4A). Because T*-expressing EPI cells mi- 
grated into the space between the EPI and 
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VE during gastrulation and the orientation of 
nuclei of migrating cells changed (26, 27), we 
observed that T* cell nuclei outside EPI were 
progressively oriented parallel rather than per- 
pendicular to the EPI layer [day 15 (Fig. 4B) and 
day 18 (fig. S2A)]. Approximately 63.83% (n = 
30 nuclei) of nuclei of T* cells (x = 47 cells), 
outside the EPI, were parallel to the EPI layer, 
whereas 79.30% (n = 157 cells) of T* cells with- 
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Merge 


IF images of embryos at day 13 (n = 6 embryos) staining for OCT4/NANOG/GATA6. 
Scale bar, 100 um. (Bottom) Enlargements of inserts (yellow dotted lines) in top 
panels. Scale bar, 50 um. Arrows, amniotic epithelium cells. White dotted lines, 

EPI. (G) Representative IF images of day 14 embryos (n = 7 embryos) staining for 
OCT4/NANOG/GATAG. Scale bar, 100 um. (Bottom) Enlargements of inserts 
(yellow dotted lines) in top panels. Scale bar, 50 um. Arrows, the amniotic epithelium 
cells. White dotted lines, EPI. ICM, inner cell mass; TE, trophectoderm; EPI, epiblast; 
VE, visceral endoderm: YE, yolk-sac endoderm. 


in the EPI (n = 198 cells) were perpendicular 
to EPI layer in total identified T* cells (n = 
245 cells) from day 11 to day 20 (Fig. 4:C). 
PS induction is characterized by the epithelial- 
mesenchymal transition (EMT) (J, 26); we there- 
fore analyzed expression of EMT maker genes, 
such as SNAI2 and MIXL1, in identified gas- 
trulating cells, which were identified by using 
markers characterized in a previous report (13). 
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Fig. 3. Amnion and yolk sac cavity formation. Embryos at indicated stage were 
stained with FOXA1 (PE marker), NANOG (EPI marker), and COL6A1 (EXMC marker) 
to monitor amnion and yolk sac cavity formation. (A) Representative IF images 

of embryos at day 11 (n = 4 embryos) staining for FOXAI/NANOG/COL6AI. Scale 
bar, 250 um. (Bottom) Enlargements of inserts (yellow dotted lines) in top panels. 
Scale bar, 50 um. Yellow dotted lines, EPI; white dotted lines, yolk sac; arrowheads, 
EXMC. (B) Representative IF images of embryos at day 13 (n = 6 embryos) staining 
for FOXAI/NANOG/COLE6A1. Scale bar, 250 um. (Bottom) Enlargements of inserts 
(yellow dotted lines) in top panels. Scale bar, 50 ym. Arrow, primary yolk sac 
cavity; white dotted lines, EPI; arrowheads, EXMC. (C) Representative IF images 

of embryos at day 17 (n = 6 embryos) staining for FOXAI/NANOG/COL6AI. Scale 
bar, 250 um. (Bottom) Enlargements of inserts (yellow dotted lines) in top 


SNAI2 and MIXL1 were significantly elevated 
in gastrulating cells (Fig. 4D). The PS marker, 
OTX2 (28-30), was also expressed in gastrulat- 
ing cells (located under the EPI layer) (Fig. 4, 
D and B), indicating that PS formation occurs 
in cultured cynomolgus embryos. 

We asked whether the WNT signaling path- 
way is involved in PS induction because it is in 
mouse embryos and in human ESCs (29, 31, 32). 
High WNT3, WNT5A, WNT5B, and WNT8A 
expression levels (Fig. 4F and fig. S2B) were 
found in gastrulating cells by use of scRNA- 
seq, similar to human ESCs (29). WNT path- 
way repressors, such as the secreted proteins 
CERI, are required for mouse gastrulation 
(33) and induction of PS in human ESCs (29). 
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scRNA-seq revealed that CER1 was highly ex- 
pressed in gastrulating cells (Fig. 4G). IF stain- 
ing of cryosections from embryos cultured 
in vitro at day 13 and day 17 revealed WNT3 
and WNT5A expression in EPI and gastru- 
lating cell, which was confirmed with scRNA- 
seq profiles (Fig. 4H). scATAC-seq analysis 
revealed open chromatin regions over gene 
regulatory regions of WNT signaling family 
members in gastrulating cells (fig. SSE). These 
results imply a putative role for WNT signaling in 
PS formation in cultured cynomolgus embryos. 


Cynomolgus PGCLC specification in vitro 


Primate primordial germ cell (PGC) specifica- 
tion occurs during the second or third week 
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C, extra-embryonic mesenchyme cell. 


after fertilization (34), within the time frame 
of our embryo culture. SOX17*/CDX2" cells were 
detected in amniotic epithelium at day 13 
(Fig. 5B). Because SOX17 is a critical specifier 
of primate PGC (14, 35), we postulated that 
PGCLC could emerge in amnion. Expression 
of two primate-specific PGC markers (SOX17/ 
TFAP2C) was detected from day 13 to day 17. 
SOX17'/TFAP2C* cells were detected within 
the amnion, and SOX17 was expressed in cells 
within the amnion epithelium and beneath 
the EPI (gastrulating cells) at day 13 (Fig. 5A). 
From days 14 to 16, SOX17*/TFAP2C* cells 
were detected among amniotic cells and at 
the junction region between amnion and EPI 
(Fig. 5A). At day 17, SOX17'/BLIMP1* PGCLCs 
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t of SNAI2, MIXL1, and OTX2 expression in EPI (EPI-A, EPI-B, and EPI-C) and gastrulating cells (Gast) identified in Fig. 6G. (E) Representative IF images of 


embryo cryosections at day 14 (n = 7 embryos) and day 17 (n = 6 embryos) for OCT4 (green) and OTX2 (gray) merged with DAPI (blue). Scale bar, 100 um. (Bottom) 
Enlargements of inserts (yellow dotted lines) in top panels. Scale bar, 50 um. White dotted lines, EPI; arrowheads, OTX2" gastrulating cell. (F) Violin plot of WNT3, WNT3A, 


5B expression in EPI (EPI-A, EPI-B, and EPI-C) and gastrulating cells (Gast) identified in Fig. 6G. (G) Violin plot of WNT inhibitors expression in EPI (EPI-A, EPI-B, 


and EPI-C) and gastrulating cells (Gast) identified in Fig. 6G. CER1 is highly expressed in Gast (P < 0.05). (H) Representative IF images of embryo cryosections at day 13 
(n = 6 embryos) and day 17 (n = 6 embryos) for OCT4 (green), WNT3 (red), and WNT5A (gray) merged with DAPI (blue). Scale bar, 100 um. (Bottom) Enlargements of inserts 
(yellow dotted lines) in top panels. Scale bar, 50 um. White dotted lines, EPI; arrowheads, gastrulating cell. EPI, epiblast; Gast, gastrulating cell. 
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were found underneath the EPI (fig. $3). Ex- 
pression of EOMES, another transcription fac- 
tor required for PGCLC specification in humans 
PSCs (36, 37), was not detected in SOX17'/ 
TFAP2C"* cells at day 12 or day 17, whereas 
EOMES*/SOX17" cells were detected in gas- 
trulating cells, which may represent precur- 
sors of the definitive endoderm (Fig. 5C) and 
is consistent with the amnion being a PGC 
source in vivo (/4). 

T can induce PGCLCs from germ-cell com- 
petent human PSCs (35, 38) or were induced 
when the PGC specified in vivo (14). T*/SOX17"/ 
TFAP2C" cells were found in amnion from 
day 14 (Fig. 5A). From day 16, T was expressed 
in SOX17*/ TFAP2C* cells and in the PS (SOX177/ 
TFAP2C cells) (Fig. 5A), which is consistent 
with data from in vivo derived embryos (J4). 

We examined the expression of PGC mark- 
ers using scRNA-seq in putative PGCLCs (ex- 
pressing SOX17, TFAP2C, and PRDM1 but not 
SOX2) (cells are identified in fig. S8A). The 
identified PGCLCs expressed PGC markers— 
including OCT4, NANOS3, SOX17, TFAP2C, 
and PRDM1I (Fig. 5D)—and also genes asso- 
ciated with the EMT, including VIMENTIN 
and CDHI1 (Fig. 5E), which characterize early- 
stage PGCs in vivo (/4), demonstrating the 
emergence of PGCLCs in cultured embryos, 
with a similar spatial location and molecular 
signatures as their in vivo counterparts. 


Transcriptional regulation of 

lineage specification 

To study lineage specification in the cultured 
cynomolgus embryos, scRNA-seq and scATAC- 
seq were performed on profile embryo tran- 
scriptomes at different developmental stages; 
1014 and 1198 single cells from pre- and post- 
implantation embryos at seven time points 
(days 9, 11, 13, 15, 17, 19, and 20) were analyzed, 
respectively. After filtering, 600 and 978 cells 
were used for the final sCRNA-seq and scATAC- 
seq analyses, respectively (table S1). sCRNA-seq 
captured, on average, 4568 genes per cell (fig. 
S4A). Using t-distributed stochastic neighbor 
embedding (t-SNE) analysis, we identified four 
clusters of cells in vitro, the same cell types as 
identified in vivo (Fig. 6A) (73): EPI cells ex- 
pressed high levels of pluripotency markers 
(OCT4 and NANOG); TE cells expressed KRT7 
and GATAQ; PE cells expressed GATA4, GATA6, 
and DPPA3; and EXMC cells also expressed 
GATA4 and GATAG but not DPPA3 (Fig. 6B). 
t-SNE analysis showed that EPI, PE, TE, and 
EXMC of the in vitro cultured embryos were 
clustered with their in vivo counterparts (fig. 
S4, B and C) (73). EPI, PE, TE, and EXMC of 
the in vitro cultured embryos exhibited a close 
correlation with their in vivo counterparts, as 
did expression of key genes (fig. S4D). In vivo 
embryos at days 16, 18, and 20 were collected 
for low-input RNA-sequencing (Geo-seq) (table 
SI). t-SNE analysis revealed that EPI, PE, TE, 
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and EXMC of in vitro cultured embryos clus- 
tered with those of their in vivo counterparts 
(Geo-seq) (fig. S4E). scATAC-seq analysis re- 
vealed six cell clusters, including EPI, gastru- 
lating cells (named Gast a and Gast b), PE, 
EXMC, and TE (fig. $5, A and B), similar to the 
scRNA-seq analysis. Transcription factor mo- 
tifs, such as OTX2 in gastrulating cells, were 
identified (fig. S5C). Furthermore, a clustered 
heatmap of differential chromatin accessibility 
in each cluster, at the proximal and distal sites 
of marker genes, revealed that a majority of 
distal sites-accessible genes were enriched in 
EPI and gastrulating cells, and proximal sites- 
accessible genes were enriched in other cell 
types (fig. S5D). 

We explored TE specification by examining 
transcriptional changes, revealing a continu- 
ous shift in the TE transcriptome from days 9 
to 20, suggesting that TE cells differentiate in 
a stepwise fashion (Fig. 6C). On the basis of 
pseudotime analysis, TE cells were subdivided 
into two types accompanying the reduced ex- 
pression of CDX2 from day 11 (Fig. 6D): Cells 
expressing high levels of TCEAL4 were likely 
cytotrophoblasts (CTs), and cells expressing 
high levels of GCM1 were likely syncytiotro- 
phoblasts (STs) (17, 39). At day 11, yolk sac TE 
(ysTE) cells (17) were also found in the cul- 
tured cynomolgus embryos. These cells are 
positive for TE markers (such as GATA3) and 
express low levels of the EPI markers (such 
as SOX2) and PE markers (such as GATA4) 
(Fig. 6D). 

The transcriptomic profiles delineate the de- 
velopmental trajectory of the PE cells revealed 
two clusters of cells. Cluster 1 and cluster 2 
expressed high levels of APOA2 and CXCR4, 
respectively, representing potential VE/YE dif- 
ferentiation (Fig. 6E and table S2). Gene On- 
tology (GO) term analysis revealed that cluster 
1was enriched for genes involved in lipid metab- 
olism and transport, whereas cluster 2 was en- 
riched for genes mediating transcription and 
protein synthesis (Fig. 6F). We also identified 
EXMCs, which are only found in higher pri- 
mates (15). EXMCs exhibited similar marker 
gene expression to PE cells, suggesting that 
EXMCs might originate from the PE (fig. S6A). 
Furthermore, the GO terms analysis showed 
that pathways involved in extracellular matrix 
and EMT were enriched in EXMCs (fig. S6B 
and table $3). Transforming growth factor-B 
(TGF8) signaling regulates the EMT. We found 
that TGFB family members were highly ex- 
pressed in EXMCs (fig. S6C), presumably sug- 
gesting that PE cells differentiate into EXMCs 
through the EMT, a process likely regulated by 
the TGFB signaling pathway, which is con- 
sistent with their putative biological function 
in vivo (13, 24). 

Amniotic epithelial cells form a thin mem- 
brane that contains the amniotic fluid, pro- 
tecting the developing embryo or fetus (40, 41). 
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There has been limited characterization of 
amniotic epithelial cells during postimplan- 
tation in primates. Monkey amniotic epithe- 
lial cells expressed the markers OCT4, CDX2, 
and TFAP2C but not NANOG (Figs. 2E and 
5A). We therefore analyzed amniotic epithelia 
cell scRNA-seq profiles on the basis of the ex- 
pression of these markers and determined the 
relationship between EPI, EXMC, PE (VE/YE), 
and amniotic epithelia cells. Amniotic epithe- 
lium cells exhibited a profile highly similar to 
that of EXMC (fig. S7A), suggesting a poten- 
tial developmental relationship between these 
two types of cells. We identified differential- 
expressed genes between these four types of 
cells but did not detect significant gene ex- 
pression differences between amniotic epithe- 
lium and EPI cells (fig. S7B), probably because 
of the small numbers (n = 12) of scRNA-seq 
profiles of amniotic epithelium cells and the 
similarity between amniotic epithelium and 
EPI cells. GO terms analysis showed that TGFB 
signaling was enriched in amniotic epithelium 
cells (fig. S7C). 

Examination of the pluripotency transition 
from the naive to primed state in EPI cells 
during peri- to postimplantation stage revealed 
four clusters of EPI cells. Clusters 1 to 3 repre- 
sented early- to late-stage EPI (EPI-A, EPI-B, 
and EPI-C, respectively), and cluster 4 repre- 
sented gastrulating cells (Gast), because t-SNE 
analysis showed EPI-A and EPI-B were clus- 
tered with in vivo early-stage EPI cells, EPI-C 
was clustered with in vivo late-stage EPIs, and 
Gast was clustered with in vivo gastrulating 
cells (Fig. 6G and fig. S4C). We examined the 
expression of naive and primed pluripotency- 
related genes and found that naive genes 
(such as TBX3, KLF4, and KLF5) were highly 
expressed in early-stage EPI cells (EPI-A and 
EPI-B), whereas primed-specific genes (such 
as IDI, ZIC2, and FGFRI) gradually increased in 
later-stage EPI cells (EPI-C and Gast) (fig. S6D). 
GO term analysis revealed genes enriched in 
EPI-A were involved in oxidative phosphoryl- 
ation and mitochondrial respiratory, whereas 
genes enriched in EPI-B and EPI-C were rel- 
ated to ribosome biogenesis and translation. 
Genes up-regulated in Gast were involved in 
embryonic morphogenesis, and mitochondrial 
oxidative metabolism was no longer enriched 
in these cells (Fig. 6H and table S4). Thus, 
naive-state EPI cells favor the metabolic model 
of oxidative phosphorylation, as previously 
shown in PSCs (42, 43). 

To explore signaling pathways potentially 
involved in lineage specification, we examined 
expression of the canonical signaling pathway. 
We observed that FGF (FGF2) and WNT lig- 
ands (WNT3A and WNT5B) were highly ex- 
pressed in the EPI, whereas FGF (FGFR1 and 
FGFR2) and WNT receptors (FZD4 and FZD7) 
were enriched in PE and TE cells. IHH, a 
hedgehog pathway ligand, was highly expressed 
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Fig. 5. PGCLCs originate from amnion. (A) Representative IF images of 
embryos at days 13 (n = 6 embryos), 14 (n = 7 embryos), 16 (n = 7 embryos), and 
17 (n = 6 embryos) stained for TFAP2C/SOX17/T. Scale bar, 100 um. (Bottom) 
Enlargements of inserts (yellow dotted lines) in top panels. Scale bars, 50 wm. 
Arrows, PGCLCs within amnion; arrowheads, PGCLCs beneath the EPI: asterisk, 
SOX17°/ TFAP2C’ cells. (B) Representative IF images of embryos at day 13 

(n = 5 embryos) stained for CDX2/SOX17. (Bottom) Enlargements of inserts 
(yellow dotted lines) in top panels. Arrowhead, CDX2*/SOX17" cell. Scale bars, 
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50 um. (C) Representative IF images of embryos at days 12 (n = 7 embryos) and 
17 (n = 6 embryos) stained for TFAP2C/EOMES/SOX17. Arrows, SOX17*EOMES* 
cells; arrowheads, TFAP2C*SOX17* cells. Scale bar, 100 um. (Bottom) Enlarge- 
ments of (yellow dotted lines) in the top panels. Scale bar, 50 ym. (D) Violin 
plot of PGC marker genes expressions in identified PGCLCs. (E) Violin plot 

of EMT marker genes [VIMENTIN (VIM), CDH1, SNAII, SNAI2, and SNAI3] 
expressions in identified PGCLCs. PGCLC, primordial germ cell-like cell; EMT, 
epithelial-mesenchymal transition. 
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in PE cells (Fig. 61). DLL3, a NOTCH pathway 
ligand, was highly expressed in EPI, and the 
receptor NOTCH2 was highly expressed in 
EXMC (Fig. 61). Because PE (VE/YE), EXMC, 
and EPI may form a niche coordinating-lineage 
specification, we determined potential cellular 
communication interactions among PE (VE/YE), 
EXMC, EPI, and TE using public ligand- 
receptor databases (Materials and methods). 
EXMC and PE (VE/YE) frequently interacted 
with other cell types through ligand expres- 
sion, and EPI cells mainly expressed receptors 
to receive the ligand from PE (VE/YE), EXMC, 
and TE (fig. S7D). For example, insulinlike 
growth factor 2 (IFG2) and granulin (GRN) 
were enriched in EXMC and PE (VE/YE), re- 
spectively. TGFBR3 was specifically expressed 
in EPI (fig. S7D). Overall, our study suggests 
the specific expression spectrum of ligands 
and receptors and corresponding interactions 
within PE (VE/YE), EXMC, EPI, and TE. 


Transcriptional regulation of 
PGCLCs specification 


To investigate potential transcriptional mech- 
anisms underlying cynomolgus PGCLCs speci- 
fication, PGCLC candidates (expressing SOX17, 
TFAP2C, and PRDM1/ BLIMP! but not SOX2) 
(fig. S8A) (J4) were compared with EPI cells 
because our data indicate that PGCLCs may 
originate from the amnion. Pseudotime anal- 
ysis revealed two types of PGCLCs, one clus- 
tered with EPI cells (PGCLC-EPD) and one that 
did not (PGCLC) (fig. S8B). GO term analysis 
revealed that genes enriched in PGCLC-EPI 
cells were involved in ribosome biogenesis, 
whereas genes enriched in PGCLC cells were 
related to responses to fibroblast growth fac- 
tor and cell-cell signaling by WNT (fig. S8C 
and table S5). These findings suggest hetero- 
geneity in PGCLC population during develop- 
ment in vitro. 

Genes differentially expressed between PGCLCs 
and the EPI included enrichment of the GO 
terms cell substrate adhesion and extracellular 
structure organization in PGCLCs (fig. SSD and 
table S6), implying that migration is a charac- 
teristic of PGCs, which is in agreement with 
expression of EMT-related genes in cynomol- 
gus PGCs in vivo (J4). We examined the corre- 
lation between PGCLCs and in vivo PGCs (early 
and late stage) (14). PGCLCs exhibited close 
correlation with in vivo early-stage PGCs (fig. 
S8E). Thus, PGCLCs specified in vitro exhib- 
ited a transcriptome similar to that of early 
in vivo PGCs. 


Discussion 


Gastrulation in primates involves extensive re- 
modeling of the embryo’s transcriptional land- 
scape to facilitate the formation of the body 
plan (J, 7). However, information about post- 
implantation development in primates remains 
limited because of ethical considerations, tech- 
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nical limitations, and high research costs. In 
vitro culture systems have been developed to 
study early postimplantation development in 
humans (J/, 12). Here, we modified the human 
embryo culture system for cynomolgus em- 
bryos, enabling them to develop in vitro for 
up to 20 days and recapitulate the specifica- 
tion of embryonic and extraembryonic line- 
ages, the cavitation of amnion and yolk sac, 
PS formation, and PGC specification. The struc- 
ture of the embryos, especially amnion and 
yolk sac cavity, varied among cultured embryos, 
which was not observed from in vivo derived 
embryos. This discrepancy can potentially be 
attributed to different microenvironments, such 
as mechanical and biochemical cues, between 
in vivo and in vitro. The structure of cultured 
embryos eventually collapsed around 20 days, 
which highlights the need to further improve 
culture parameters to enable more faithful and 
extended monkey embryo development in vitro. 

Single-cell -omics analyses of the cultured 
cynomolgus embryos revealed molecular de- 
tails of how the EPI, PE, TE, and EXMC line- 
age are specified. We found that cynomolgus 
PE cells differentiated into putative visceral 
and yolk sac endoderm and also EXMCs, during 
which PE cells undergo the EMT, regulated by 
the TGFB signaling pathway. In mice, PE dif- 
ferentiate into parietal and visceral endoderm. 
Then the latter further differentiates into distal 
and anterior visceral endoderm (DVE/AVE) (/0). 
Whether monkey PE cells follow a similar de- 
velopmental path warrants further studies. We 
saw evidence of the metabolic state transition 
from early- to late-stage EPI, accompanying the 
switch from naive to primed pluripotency. This 
is consistent with the notion that interactions 
between the metabolome and histone modifi- 
cations drive the metabolic switch from naive 
to primed pluripotency in ESCs (44). Our re- 
sults support the notion that PGCs originate 
from the amnion in vivo (/4). The transcrip- 
tional profiles of a small group of the PGCLCs 
were similar to that of the EPI, suggesting that 
these PGCLCs may also have been derived 
from the EPI. 

One of the advantages of in vitro monkey 
embryo culture is that it provides an accessible 
platform to gain in-depth insights into the dy- 
namic molecular and cellular changes during 
primate early development on the basis of the 
improvement of culture conditions that could 
support more homogenous and extended em- 
bryo development. Combining the embryo 
culture system with live-cell imaging, line- 
age tracing, signaling pathway perturbation 
through activators and inhibitors, and single- 
cell -omics analyses will help determine key 
factors and pathways underlying the specifi- 
cation and development of different lineages 
and thereby guiding the development of im- 
proved differentiation protocols from primate 
PSCs, including humans. 
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We have cultured primate embryos beyond 
day 14 and provide a comprehensive analysis 
of the transcriptional features of postimplan- 
tation embryos using scRNA-seq and scATAC- 
seq. This culture system provides a platform 
with which to dissect the mechanisms under- 
lying primate embryonic development. 


Materials and methods 
Embryo in vitro culture 


The monkey blastocysts were collected at 6 
to 7 days post fertilization. Zona pellucida 
of blastocyst was removed by exposure to 
hyaluronidase from bovine testes about 30s. 
Zona-freed blastocysts were seeded on 8-well 
u-plates (80826, Ibidi) with pre-equilibrated 
in vitro culture medium 1 (IVC1). After em- 
bryos attached to the well, half of the IVC1 
was exchanged with in vitro culture medium 
2 (IVC2). Thereafter, half of the medium were 
replaced daily with fresh IVC2, and monkey 
embryos were harvested at the indicated stage. 
Embryo culture was performed at 37°C in 5% 
CO,. All chemicals were from Sigma Chem- 
icals unless otherwise stated. 

IVC1: DMEM/F12 (11320-033, Thermo Fish- 
er Scientific) supplemented with 20% (vol/vol) 
heat-inactivated fetal bovine serum (FBS) 
(35-076-CV, Corning), 2mM 1-glutamine (25030; 
Thermo Fisher Scientific), Penicillin (25 units/ml)/ 
streptomycin (25 ug/ml) (15070-063; Thermo 
Fisher Scientific), 1x ITS-X (51500-056; Thermo 
Fisher Scientific), 8 nM B-estradiol, 200 ng/ml 
progesterone and 25 uM N-acetyl-L-cysteine. 

IVC2: 20% (vol/vol) heat-inactivated FBS of 
IVC1 was replaced with 30% (vol/vol) Knock- 
Out Serum Replacement (10828010, Thermo 
Fisher Scientific). 


Single cell collection and embryo laser 
capture microdissection 


After washing with phosphate buffered saline 
(PBS) (MA0008, meilunbio), the embryo was 
digested with 0.1% trypsin (25200-072, Gibco) 
at 37°C for 5 to 10 min. Then the trypsin was 
neutralized with 2% FBS (04-002-1A, Biolo- 
gical Industries) and FBS was washed off with 
cold PBS with 0.1 to 1% bovine serum albumin 
(BSA). Finally, individual cells were picked 
into a lysis medium on ice with a mouth pi- 
pette. All procedures were performed under 
stereomicroscope. 

The transcriptome of in vivo embryos was 
obtained according to Geo-seq method (4). 
Briefly, one monkey embryo at day 16, two at 
day 18 and two at day 20 were embedded in 
optimal cutting temperature compound (OCT; 
4583, Tissue-Tek OCT, skura). Embryos were 
cryo-sectioned along the anterior-posterior 
axis. Populations of approximately 20 cells 
from putative EPI, TE, EXMC or VE/YE were 
collected by laser microdissection and pro- 
cessed for low-input RNA sequencing based 
on Smart-seq2 method. 
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FGF signalling pathway 
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WNT signalling pathway 


Hedgehog signalling pathway 


NOTCH signalling pathway 
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Fig. 6. Transcription landscape of monkey peri- and postimplantation embryos. (A) t-distributed stochastic neighbor embedding (t-SNE) plot of cells at representative 
stages (days 9, 11, 13, 15, 17, 19, and 20). Cells were identified as epiblast (EPI), primitive endoderm (PE), trophectoderm (TE), and extraembryonic mesenchyme (EXMC) 

cells. (B) Expression of lineage-specific marker genes exhibited on t-SNE plots. A gradient of gray, yellow, and red indicates low to high expression. (€) t-SNE plot of TE cells at seven 
time points. (D) (Left) Pseudotime construction of single TE cells colored according to embryonic stage. (Right) Expression patterns of CDX2, TCEAL4, GCM1, GATA3, SOX2, 
and GATA4 exhibited on pseudotime construction. Dot-size gradient indicates low to high expression. (E) (Left) t-SNE plot of PE cells at seven time points, revealing two cell 


types, with (right) expressions of cell-type specific genes. 
transcription and protein synthesis. (G) t-SNE plot of EPI cel 


IF analysis 


Monkey in vivo and in vitro postimplantation 
embryos were harvested and fixed in 4% para- 
formaldehyde in PBS for 30 min at room tem- 
perature. Then embryos were washed with 
PBS, and then day 9 and day 10 embryos were 
stained directly. Other stages of embryos were 
dehydrated in sucrose (57-50-1, meilunbio) 
solutions each for 6 hours with increasing 
concentration from 15% to 30% (15%, 20% 
30%; (w/vol). Next, embryos were embedded 
in OCT, frozen and stored at -80°C. Then the 
samples were prepared as cryosections with 
8 um thickness on pre-treated glass slides 
(145105, CITOTEST), and air-dried for 1 hour. 
After permeabilized in PBST (PBS with 0.3% 
Triton X-100) (0694, Amresco) for 30 min at 
room temperature, samples were blocked with 
3% (w/v) BSA and 10% (w/vol) FBS (04-001- 
1ACS, Biological Industries) in PBS for over- 
night at 4°C. Slides were then incubated with 
primary antibodies overnight at 4°C. After 
wash, fluorescence-conjugated secondary anti- 
bodies, and 4',6-diamidino-2-phenylindole (DAPI) 
were incubated with the slides in dark at 25°C 
for 2 hours. Images were taken using Leica 
TCS SP8 confocal microscope (Leica). For anti- 
bodies used, see table S7. 


scRNA-seq 


Plate-based single-cell cDNA synthesis, ampli- 
fication and library construction were per- 
formed as previously described (45, 46). Briefly, 
single cell was placed into the lysis buffer by 
mouth pipette. The reverse transcription re- 
actions and pre-amplification were performed 
using SuperScript II (18064-071, Invitrogen), 
and KAPA HiFi HotStart ReadyMix (KK2602; 
KAPA biosystems,), respectively. For library 
construction, the cDNA was fragmented by 
Tn5 transposase (BGE005, BGI) mix at 55°C 
for 15 min. After that, 0.25% SDS was added 
to each well to stop the fragmentation, fol- 
lowed by polymerase chain reaction (PCR) 
amplification using KAPA HIFT Hotstart poly- 
merase mix (KK2602, KAPA biosystems) and 
primer sets with 25 cycles of denaturation. 
Then the libraries were purified with AMPure 
XP magnetic beads (A63881, Beckman Coul- 
ter), and were circularized by incubating with 
T4 DNA ligase (ELO011, Fermentas) at 37°C for 
1 hour. After removal of linear DNA, the lib- 
raries were then purified by PEG32 (MP07123, 
CG) and sequenced on BGISEQ-500 (BGI). 
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(F) Gene Ontology (GO) term analysis: Cluster 1, enriched fo: 


lipid metabolism and transport; cluster 2, enriched for 


ls at seven time points. Cells are designated as EPI-A, EPI-B, EPI-C, and gastrulating cell (Gast). (Inset) Single cells colored 
according to embryonic stage. (H) GO term analysis of classified EPI cells. (I) Violin plot of F@F/WNT/NOTCH signaling components expression in the various lineages. 


scATAC-Seq 


Plate-based single-cell transposition reactions 
were performed with transposase mixture at 
37°C for 15 min with agitation at 300 rpm, 
following with a modified FAST-ATAC meth- 
od (47). The release buffer was added and the 
reaction was maintained at 50°C for 15 min. 
Then plasmid DNA (30 ng) was added as the 
carrier DNA to the mixture. Afterwards, the 
DNA was purified with Ampure XP beads. 
Then the DNA was pre-amplified with NEBNext 
High-Fidelity 2x PCR Master Mix (M0541, 
New England Biolabs) and transposase adapt- 
ers. The pre-amplified DNA was purified with 
Ampure XP beads and used for libraries cons- 
truction as previously described (48). Briefly, 
DNA was amplified for 14 cycles using the 
NEBNext High-Fidelity 2x PCR Master Mix 
and barcode primers. Then the libraries were 
size-selected with Ampure XP beads for frag- 
ments between 150 and 700 base pairs (bp) 
and sequenced on BGISEQ-500. 


scRNA-seq and scATAC-seq data pre-processing 


For RNA-seq data, adapters and low quality 
reads (NV rate > 0.2) were removed by Cutadapt 
(v1.15) (49). Then raw reads were mapped to 
Macaca fascicularis (Macaca_fascicularis_5.0) 
genome by STAR (v2.5.3) program (50). We 
calculated the transcripts per million mapped 
reads (TPM) as expression level using RSEM 
v1.3.0 with default parameters (57). The single 
cells with mapped reads >1 million and more 
than 2000 genes with TPM value >1 were used 
to further analysis. 

For ATAC-seq data, the inherent sequence of 
Tn5 for each cell was removed using cutadapt 
(v1.16) (49) and aligned to the cynomolgus 
reference genome (Macaca_fascicularis_5.0) 
using bowtie2 (v2.2.5) with the parameter -X 
2000 (52). SAMtools (v1.9) (53) was used to 
filter reads for alignment quality of >Q30 and 
Picard tools (v2.6.0) (Broad Institute; http:// 
broadinstitute.github.io/picard) was used to re- 
move duplicate reads. Cells with usable fragments 
under 10000 and promoter regions (500 bp 
around transcriptional start site) with ratio of 
fragments under 10% were filtered out. The frag- 
ments were aggregated and reference peak were 
called using Sambamba (v0.6.6) (54) and MACS2 
(v2.1.2) (55) respectively. Then the number of frag- 
ments per reference peak per cell was counted 
using chromVAR (v1.4.0) (56) to construct the 
matrix of fragment counts in peaks X. 
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Cell clustering and differentially expressed 
gene analysis 


Cell clustering and differential gene expression 
analysis were performed by Seurat (v2.3.4), a 
package in R (57). Principal components analy- 
sis (PCA) was performed to select principal 
components for clusters finding based on a 
jack straw method. Then graph-based cluster- 
ing approaches were applied to identify cell 
clusters and t-distributed stochastic neighbor 
embedding (t-SNE) was used for visualization of 
distance between cells in the reduced 2D space. 


t-SNE analysis of scATAC-seq data 


chromVAR (56) were used to perform t-SNE 
analysis and Cicero (v1.0.11) (58) were used to 
define clusters in t-SNE embedding. 


Transcription factor motifs analysis and 
differentially accessible sites identification 


TF motif deviations were obtained from “de- 
viationScores” function in chromVAR (56). To 
identify differentially accessible sites, we adopt 
the method in previously report (59). We ran- 
domly sampled 20 cells from each of the clus- 
ters identified above to generate the reference 
panel. Then we implement “binomialff’ test 
using Monocle 2 package (60, 61) to get differ- 
entially accessible sites at a 1% FDR thresh- 
old (Benjamini-Hochberg method). We calculated 
specificity scores for differentially accessible 
sites based on Jensen-Shannon divergence using 
method in previous report (59). We set 0.02 for 
specificity score threshold to determine cluster 
specific accessible sites. To investigate chroma- 
tin accessibility of WNT signaling family mem- 
bers, we calculated “gene activity scores” to 
evaluate the chromatin accessibility degree of 
genes using Cicero (58). 


Functional enrichment analysis 


GO analysis of differentially expressed genes 
(DEGs) was performed using ClueGO (v2.5.2) 
(62, 63) as previously described (64). 


Single cell pseudotime analysis 


For scRNA-seq data, the pseudo-temporal 
analysis was performed using the R package 
Monocle2 (60, 61, 65). 


Similarity analysis between in vivo and 
in vitro embryos 


scRNA-seq dataset of our cultured and previ- 
ous published in vivo embryos were aligned by 
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using canonical correlation analysis (CCA) of 
Seurat R package (57). We selected the union 
of the top 1000 genes of highest variance for 
our and published dataset and calculated 20 
canonical correlates (CCs) with diagonal CCA. 
The first 10 CCs were used for t-SNE visual- 
ization. Then, the correlation analysis was em- 
ployed to detect the correspondence of cell 
subtype for in vivo and in vitro cultured em- 
bryo cells by using expression matrix of 200 
high variable genes that contributed to the 
first 20 CCs. Also, sCRNA-seq data of cultured 
embryos and Geo-seq data of in vivo embryos 
were aligned using CCA. To compare PGCLC 
with published in vivo early and late PGCs, the 
correlation analysis was performed with expres- 
sion matrix of in vivo early and late PGCs DEGs. 


Analysis of cross-talk between different cell types 


CellphoneDB (v2.0.1) (66) was used to build sig- 
naling cross-talks and their directionality be- 
tween different cell types. The R package Circlize 
(67) was used for the interaction visualization. 
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STRUCTURAL BIOLOGY 


Structure of the RSC complex bound to 


the nucleosome 


Youpi Ye’?*, Hao Wu?>*, Kangjing Chen*, Cedric R. Clapier*, Naveen Verma*, Wenhao Zhang”, 


Haiteng Deng’, Bradley R. Cairns*t, Ning Gao°+, Zhucheng Chen 


1,2,6. 
t 


The RSC complex remodels chromatin structure and regulates gene transcription. We used cryo- 
electron microscopy to determine the structure of yeast RSC bound to the nucleosome. RSC is 
delineated into the adenosine triphosphatase motor, the actin-related protein module, and the substrate 
recruitment module (SRM). RSC binds the nucleosome mainly through the motor, with the auxiliary 
subunit Sfhl engaging the H2A-H2B acidic patch to enable nucleosome ejection. SRM is organized into 
three substrate-binding lobes poised to bind their respective nucleosomal epitopes. The relative 
orientations of the SRM and the motor on the nucleosome explain the directionality of DNA translocation 
and promoter nucleosome repositioning by RSC. Our findings shed light on RSC assembly and 
functionality, and they provide a framework to understand the mammalian homologs BAF/PBAF and the 
Sfh1 ortholog INI1/BAF47, which are frequently mutated in cancers. 


n chromatin, DNA wraps around histone 
octamers to form nucleosomes. Access to 
the nucleosomal DNA is facilitated by Snf2- 
family chromatin remodelers, which are 
highly conserved from yeast to mammals 
(2). Snf2 and Sth1, two closely related paralogs, 
are the catalytic motor subunits of the two 
similar yeast SWI/SNF and RSC remodeling 
complexes, respectively. Although the motors 
remodel nucleosomes in vitro on their own, 
they function in complexes with multiple aux- 
iliary subunits in vivo to provide regulation 
and targeting. RSC is enriched at nucleosomes 
that flank nucleosome-free regions (NFRs) and 
controls the promoter architecture of most genes 
in yeast (2). It makes use of DNA translocation 
to slide or eject the promoter +1 nucleosomes to 
extend NFRs, possibly to expose transcription 
start sites and promote transcription. 
Low-resolution structures of SWI/SNF, RSC, 
and the human homolog PBAF complexes 
have been reported (3, 4). However, it remains 
unclear how the subunits assemble the com- 
plexes and engage nucleosomes. Here, we re- 
port the cryo-electron microscopy (cryo-EM) 
structure of RSC bound to the nucleosome, 
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providing insights into RSC organization and 
function. 


Overall structure of RSC bound 
to the nucleosome 


Purified RSC was mixed with nucleosomes and 
the stable adenosine triphosphate (ATP) ana- 
log ADP-BeF, and subjected to cryo-EM anal- 
ysis (fig. S1 and table S1). The RSC-nucleosome 
complexes were highly flexible, with two prom- 
inent classes identified. One class (class A) 
showed a slightly unwrapped linker DNA, 
with an overall resolution of 7.1 A (fig. S2, A and 
B), whereas the other class (class B) showed EM 
density for a longer linker DNA, with an overall 
resolution of 7.6 A (fig. S2, C to E). 

We found that RSC in either class is orga- 
nized into three modules (Fig. 1A and movie 
S1): the motor module (motor domain of Sth1), 
the actin-related protein (ARP) module (the 
HSA helix of Sth1 bound by an Arp7-Arp9- 
Rtt102 trimer), and the substrate recruitment 
module (SRM, including the N-terminal frag- 
ment of Sth1 and multiple additional subunits). 
The three modules, connected through two 
disordered loops of Sth1, show rigid-body mo- 
tions relative to each other (fig. $3), explaining 
the flexibility. Because the biological impli- 
cations of classes A and B are the same, we 
mainly focused on the 7.1 A class A structure. 

Focused refinements led to a 3.8 A map of 
the motor domain (fig. S2F) and a 3.4.A map of 
the SRM, with the rigid core at ~3.0 A (figs. SIG 
and S2, G to K). The high-quality map of the 
SRM allowed us to build atomic models of the 
N-terminal fragment of Sth1, Rsc2, Rsc3, Rsc4, 
Rsc6, Rsc7, Rsc9, Rsc30, Rsc58, Htll, Sfhi, and 
two molecules of Rsc8 (termed Rsc8a and 
Rsc8b) (Fig. 1B). The interactions among the 
subunits were further validated by cross-linking 
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mass spectrometry (CL-MS) analyses (fig. S4 
and data S1). 

The nucleosome is mainly bound by the 
motor domain of Sth1, with limited contacts 
from other subunits, except Sfh1 (see below). 
An open space embraced by the SRM and 
some weak density was found (fig. S2, B and 
D), which may relate to the hypothetical 
nucleosome-binding central cavity proposed 
previously (5). However, no nucleosome was 
found inside this open space. 

The SRM comprises the majority of RSC 
(Fig. 1A), with the conserved subunits Rsc6, 
Rsc8, Rsc9, Rsc58, and the N-terminal frag- 
ment of Sth1 interweaving into a rigid core. 
The SRM is further organized into three lobes. 
Rsc3 and Rsc30, which contain DNA-binding 
Zn-cluster domains (ZnDs), decorate the con- 
served core at DNA-binding lobe (DB lobe) 
(6, 7). Rsc2 and Rsc4, which contain histone 
tail-binding bromodomains (BDs) and BAH 
domain (8-10), are located at the histone tail- 
binding lobe (HB lobe). Sfh1, which contains 
a nucleosome-binding C-terminal tail (CTT; 
see below), is located at the nucleosome-binding 
lobe (NB lobe). As a result of tethering to the 
SRM through flexible loops, the structures of 
the substrate-binding motifs (e.g., ZnD, BD, 
BAH, and CTT) could not be resolved under 
current conditions. Nonetheless, the SRM clearly 
positions these elements to colocalize along 
one side of the nucleosome, with the DB, HB, 
and NB lobes proximal to their binding epi- 
topes, suggesting mechanisms for coordinated 
nucleosome recruitment or retention. 


Structure of Sth1 in the context 
of the RSC complex 


Sth1 is composed of five major domains (Figs. 1B 
and 2A): the N-terminal domain (NTD), the 
domain preceding the HSA helix (preHSA), 
HSA, motor, and the C-terminal extension and 
BD. A polyalanine model was built for the 
poorly conserved NTD because of the lack 
of defined features (fig. S5A). The modestly 
conserved preHSA (~25% identity between 
Sth1 and HsBRGI1) threads through the DB 
and HB lobes. The HSA helix connects to the 
preHSA and motor domains through flexible 
loops. The motor domain interacts with the 
nucleosome in a manner very similar to the 
isolated adenosine triphosphatase (ATPase) 
fragment of Snf2 (fig. S6) (11, 12). 

One surface of HSA binds to the ARP pro- 
teins, as observed in the structure of HsAsn? 
(13), and the exposed surface, containing mul- 
tiple conserved positively charged residues 
(fig. S5A), is proximal to the nucleosomal DNA 
(Fig. 2A and fig. S5B). The structure suggests 
that HSA may function to orient RSC by 
projecting the ARP proteins away from the 
nucleosome and by orienting HSA, the preHSA, 
and the associated SRM toward the exit DNA 
(Fig. 2A). As a result, we found one preferred 
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nucleosome orientation with the linker DNA at 
the exit side. This contrasted with the isolated 
motor domain of Snf2, which binds to either of 
the two nucleosome orientations in the pres- 
ence of ADP-BeF,, (77). 

The ARP proteins adopt a conformation 
largely similar to that found in the crystal 
structure of the HSAS"?-Arp7-Arp9-Rtt102 
complex; they make limited direct interac- 
tion with the nucleosome or the Sth1 motor 
domain. The structure suggests that the ARPs 
may stabilize the helical conformations of HSA 
and/or affect the conformation of the adja- 
cent post-HSA, which interacts with the motor 
(14, 15), and hence modulates the structural 


Sth1 


Rsc7 ¢ 


Sfhi : 


Rsc8a: [SWIRVE ize} SANTIS 
Rsc8b: ESWIEMI—{ZnF }— SAN CC 


Rsco : [NTO }—{ Rend 


Rsc58! BD ! R6BD CTD 
Rso6 ! Nie} 50S} {600 

Rsc2 ! [BD (SD GAN} 

Rsc4 : 

Rsc30! ZnD CTD 
Rsc3 ; ZnD_|—{__pp_ | {__cTpD 

Htl1 — 


integrity of the complex and the remodeling 
efficiency (76). 

The preHSA interacts with several conserved 
auxiliary subunits (Fig. 2B). Specifically, Arg?” 
of Sth1 packs against Rsc9 at the DB lobe (figs. 
S2I and S5C). Likewise, Arg”, Are"®, and Are”? 
interact with Rsc8 and Rsc58 at the HB lobe (fig. 
S5, D and E). These residues are highly conserved 
(fig. S5A), with mutations of the equivalent resi- 
dues recurrently found in human cancers (/7). 


Structure of the NB lobe and its implications 
for nucleosome binding 


Sfhl is the major component of the NB lobe 
(Fig. 3A). It is highly conserved with Snf5 in 


budding yeast and INI1/BAF47 in animals (fig. 
S7A). The conserved domain contains two im- 
perfect repeats, RPT1 and RPT2 (repeat 1 and 
2), which interact with the SWIRM domains of 
Rsc8a and Rsc8b, respectively (Fig. 3B and fig. 
$2H). This is in line with the crystal structure 
of the RPT1 domain of INI1 bound to the 
SWIRM domain of BAF155 (homolog of Rsc8) 
(18). The INI-BAF155 interaction is highly sim- 
ilar to that of Sfh1-Rsc8 (fig. S7B), supporting 
a conserved assembly mechanism. 

One prominent feature of the NB lobe is the 
CTT of Sfhi, which is close to the H2A-H2B 
dimer and the H¢4 tail of the nucleosome but is 
largely disordered in the structure (Fig. 3C). 


Fig. 1. Overall structure of the RSC-nucleosome complex. (A) Three different views of the structure of the complex. Arrows indicate the directionality of DNA 
translocation. (B) Domain architectures of the RSC subunits. The domains that are not structurally resolved in the current study are colored white. 
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The CTTs of Sfh1 homologs are enriched in 
positively charged residues (Fig. 3D), which 
suggests that these residues may bind to the 
acidic pocket of H2A-H2B and/or the nearby 
DNA strands. In line with this idea, we iden- 


tified a block of EM density proximal to the 
CTT above the H2A-H2B surface (fig. S8A). 
Similar to Snf5 (19, 20), the CTT of Sfh1 forms 
cross-links with H2A and H2B (fig. S4B), sup- 
porting close proximity in space. 


Fig. 2. Structure of Sth1. (A) Locations of the different domains of Sthl within the RSC-nucleosome 
complex. The boxed region is enlarged in fig. SOB. (B) SRM assembly through preHSA. Residues 
related to the cancer-associated mutations in the human homologs are shown as red spheres. 


The boxed regions are enlarged in fig. S5, C to E. 


Regarding CTT function, whereas a plasmid 
encoding wild-type SFH1 fully complemented 
the lethal phenotype of sfhiA (21), a plasmid 
encoding the sfhi CTT truncation mutant 
(amino acids 1 to 384, named Sfh1-ACTT) 
restored viability but displayed multiple strong 
conditional phenotypes, likely resulting from 
defects in the transcription of stress response 
genes (22) (Fig. 3E and fig. S8B). Furthermore, 
the loss of individual arginine or lysine resi- 
dues (replacement by alanine) in the CTT did 
not confer phenotypes, suggesting the func- 
tional involvement of multiple positively charged 
residues. To further explore the function of the 
CTT, we examined its nucleosome binding 
in vitro (fig. S8, C and D). The CTT bound the 
nucleosome, and mutation of the individual 
conserved positively charged residues Arg*™!, 
Arg“ Lys*?, or Arg*”° to alanine modestly 
weakened the binding. Interestingly, mutations 
of all four residues together largely diminished 
the binding, which suggests that the CTT may 
bind to the nucleosome through multivalent 
interactions. 

To determine the role of the Sfhl CTT in 
nucleosome remodeling, we purified (fig. SSE) 


ScSf£hl TKEEIQKREIEKERNLBRLBRETDRLSRRGRRRLDDLET-TMRM 426 p519 | 

ScSnf5 SAAELERLDKDKDRDTRRKRRQGRSN-RRGMLALSGTSASNTSM 687 Siht-ACTT| yes 

HsINI1 TDAEMEKKIRDQDRNTRRMRRLANTA-PAW 385 

MmINI1 TDAEMEKKIRDQDRNTRRMRRLANTA-PAW 385 R397A tl as 

DmINI1 TDAEMEKKIRDQDRNTRRMRRLANTT-TGW 370 ON @ © 

SC-TRP-MET-CYS+5FOA 

F 1 G Control RSC WT RSC Sfh1 ACTT 
= n/n 
S -/+ Arrays - 4 p. ; 
& 05 aoe: * ae 

: ‘ ‘ 
fe ae . 
2 % ‘ 
oO 
ome * 
sol Hs . ‘ 


Buffer WT ACTT 


Fig. 3. Structure of the NB lobe. (A) Sfhl (cyan) is proximal to the nucleosome. 
(B) Structure of the NB lobe. The boxed region is enlarged in (H). The positions 

of RPT1 and RPT2 of Sfhl are indicated by ovals. (C) The CTT of Sfh1 is close to the 
H2A (purple)-H2B (orange) surface. (D) Multiple sequence alignments of the 
CTTs of Sfhl-like proteins. The residues mutated in this study are highlighted in 
green. (E) Complementation assays of Sfhl derivatives on synthetic dropout 
medium with 5-fluoroorotic acid (5FOA) (left) and at high-salt conditions (right). 
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pol9, control. (F) Relative ATPase activities of the wild-type and Sfhl-ACTT RSCs. 
(G) Comparative nucleosome ejection on plasmid arrays by wild-type and Sfhl-ACTT 
RSCs. Left: Schematic of the ejection assay, with supercoiled plasmid (topoisomer) 
distribution revealed by a 2D gel. Lk, linking number; N, nicked; L, linear. A 
representative gel from multiple experiments is shown. (H) Interactions among Rsc7, 
Rsc8, and Sfhl. Amino acid abbreviations: A, Ala; D, Asp; E, Glu; F, Phe; G, Gly; |, lle; 
K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg: S, Ser; T, Thr; W, Trp. 
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and compared the biochemical activity of 
wild-type RSC to that of mutant RSC lacking 
the Sfh1 CTT (Sfh1-ACTT). The nucleosome- 
dependent ATPase activity and the nucleosome 
sliding activity (on yeast 5S nucleosomes) of the 
mutant complex were robust and comparable 
to the wild type (Fig. 3F and fig. SSF). Notably, 
RSC Sfh1-ACTT was unable to eject yeast nu- 
cleosomes residing in closed circular arrays, 
whereas wild-type RSC was fully capable of 
ejection (Fig. 3G). These results suggested 
that the Sfh1 CTT helps RSC bind to the dish 
face of the nucleosome and stabilize RSC as- 
sociation during DNA translocation, enabling 
nucleosome ejection (16, 23, 24). Taken together, 
these results show that the CTT of Sfh1, by 
homology INI1/BAF47 in human cells, func- 
tions to stably anchor RSC on the nucleosome, 
thereby facilitating nucleosome ejection in vitro 
and fitness in vivo. 

The NB lobe contains one additional com- 
ponent, Rsc7. Whereas the N-terminal region 
of the Rsc7 is not essential for the RSC assem- 
bly, the C-terminal domain (CTD) confers full 
Rsc7 function (22). Consistent with these 
studies, we could not detect the NTD in the 
structure, whereas we could identify the CTD 
(fig. S9A), which staples Sfh1 and Rsc8b to- 
gether (Fig. 3H). The Sfhi-Rsc8 binding sequence 
of Rsc7 is conserved in animal BAF45a (a1, fig. 
S10). In agreement, BAF45a forms cross-links 
to the Sfh1 homolog in the PBAF complex (25). 


Structure of the DB lobe and its implications 
for exit DNA binding 

We found that the core of the DB lobe com- 
prises Rsc9, Rsc6, the coiled-coil (CC) domain 
of Rsc8, the C-terminal half of the preHSA, 
and a middle segment of Rsc58 (Fig. 4A). On the 
surface of the DB lobe reside the yeast-specific 
subunits Rsc3, Rsc30, and Htl1 (Fig. 4A). 

Rsc9 is composed of armadillo repeats (fig. 
SI11A) (26), referred to as the Rsc9 homology 
domain (R9HD). The R9HD binds to Rscé6 and 
the preHSA at the DB lobe, with the less con- 
served N-terminal tail extending to the HB lobe 
(fig. SOB). The R9HD shows some conservation 
to BAF200 in animals, with ~30% sequence 
similarity to human BAF200 (fig. S11B), which 
is the characteristic component of the PBAF 
complex (1). 

Rsc8 is a multidomain protein containing 
SWIRM, zinc finger (ZnF), SANT, and CC do- 
mains (Fig. 4B). All these structural elements 
except the ZnF domain are highly conserved 
(fig. S12). Consistent with a previous study (27), 
Rsc8a and Rsc8b dimerize mainly through 
the CC domains. The Rsc8 dimer connects the 
three lobes of SRM together, with SWIRM at 
the NB lobe, ZnF and SANT at the HB lobe, 
and CC at the DB lobe (Fig. 4C and fig. S9C), 
suggesting a key role of Rsc8 in RSC assem- 
bly. These findings provide the structural basis 
for earlier studies suggesting the formation of 
a core complex by BRG1-BAF155-BAF170-INI1 


tetramer (28) and the central role of BAF155- 
BAF170 in BAF/PBAF assembly (25). 

Rsc6, which is highly similar to Swp73 in 
yeast and BAF60s in animals (fig. S13A), bun- 
dles to the CC domain of Rsc8 (Fig. 4A and 
fig. S9D). In support of the conservation, the 
SWIB domain of Rscé6 adopts a structure ho- 
mologous to that of mouse BAF60a (fig. S13B). 
The domain following SWIB does not fold into 
a rigid conformation but extends out from the 
DB lobe, contacting the weak EM density that 
probably results from Rsc3 and Rsc30 (fig. S2, 
Band D). We speculate that Swp73 and BAF60s 
may fold into the same structure as Rsc6, with 
a domain extending to bind to different tran- 
scription factors (29, 30); this would support 
the function of the DB lobe in linker DNA 
binding. 

The middle Rsc6-binding domain (R6BD) of 
Rsc58 binds to Rsc6 and Rsc8 (fig. S14B). The 
interacting residues are highly conserved (figs. 
S11 to S14), which suggests that this structure 
may serve as a model for the human complexes. 
In support of this notion, the Rsc58 homolog 
BRD7 is a unique component of the PBAF 
complex (25, 31). 

Rsc3 and Rsc30 are yeast-specific transcrip- 
tion factors that can heterodimerize and show 
a binding preference for GC-rich DNA se- 
quences (6, 7, 32). Rsc3 and Rsc30 each 
contain an N-terminal DNA-binding ZnD, a di- 
merization domain (DD), and a CTD (Fig. 1B). 


Fig. 4. Structures of the DB lobe and HB lobe. (A) Structure of the DB lobe. The boxed region is enlarged for analysis in fig. S14B. (B) Schematic illustration of 
the interactions of Rsc8 with other subunits of RSC. (©) Two different views of the Rsc8 structure. (D) Positions of Rsc3 and Rsc30. (E) Rsc2, Rsc4, and the BD of 
Rscd8 are located close to the N-terminal tails of histone H3. (F) Two different views of the structure of the HB lobe. 
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NB-lobe 


Fig. 5. Model of the 
assembly and action of 
RSC. (A) Schematic of the 
structure of RSC bound 

to the nucleosome. Only 

the major structural 
elements are shown. DNA 
translocation results in 

the movement of the nucleo- 
some away from the NFR. 
(B) Organization of the SRM. 


We identified short B sheets and helices of 
the DDs, which form a dimer binding to the 
surface of Rsc9 (Fig. 4A). The interaction 
between the dimerization helices was also 
detected by CL-MS analysis (fig. S4B). Weak 
EM densities near the DDs were found (fig. 
S2E), which may result from the flexible ZnDs 
and CTDs of Rsc3 and Rsc30. 

The DDs of Rsc3 and Rsc30 are located on 
the DB lobe at a position distal to the DNA 
entry side but close to the exit side; thus, they 
position the N-terminal ZnDs to bind the exit 
DNA (Fig. 4D). The N termini of DDs are ~60 A 
away from the exit DNA and are connected 
to the ZnDs through spacer sequences with a 
length of ~100 residues, which would allow a 
large degree of flexibility to sample the exit 
DNA. Hill, a yeast-specific small subunit of 
RSC, binds to the CC domain of Rsc8 (Fig. 4A 
and fig. S9F), in agreement with interactions 
between Htll and the C terminus of Rsc8 (33). 


Structure of the HB lobe and its implications 
for histone tail binding 


RSC and PBAF both contain subunits carrying 
multiple BDs, such as Rsc2 and Rsc4 in RSC, 
and their ortholog BAF180 in PBAF, which are 
partly responsible for recruitment of the com- 
plexes through binding to histone tails (8, 10). 
Interestingly, these histone tail-binding ele- 
ments cluster at the HB lobe (Fig. 4E), contain- 
ing one additional histone tail-binding element, 
the BD of Rsc58 (Fig. 4F). 

Whereas the structures of the BDs and BAH 
of Rsc2 and Rsc4 could not be detected, we 
were able to identify the CTDs of Rsc2 (residues 
741 to 883) and Rsc4 (residues 364 to 625), 
which map to the tip of the HB lobe (Fig. 4E). 
This structure is consistent with studies show- 
ing that the CTD of Rsc2 is necessary and suf- 
ficient for RSC assembly (34). Similarly, the 
C terminus of Rsc4 mediates RSC assembly 
(8). The CTDs of Rsc2 and Rsc4 are exposed 
at the surface and ~70 A away from the H3 
tails. They connect to the N-terminal BAH 
and BDs through long spacer sequences with 
a length of >100 and 50 residues, respectively, 
which would poise these histone tail-binding 
elements to access their substrates, in agree- 
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ment with the functions of BDs and BAH in 
histone tail binding (9, 10). The BD of Rsc58 
loosely packs at the periphery of the HB lobe 
(Fig. 4F), with its histone-binding pocket ex- 
posed to solvent and ~60 A away from histone 
H3 (class B complex, fig. S3A), suggesting that 
Rsc58 might still bind to the histone H3 tails. 
The spatial proximity of the BDs and BAH do- 
mains to the histone tails was also supported 
by the CL-MS analysis (fig. S4B). 


Discussion 


In this work, we determined the structure of 
RSC bound to the nucleosome. Within RSC, Sth1 
functions as a global organizer orchestrating the 
complex into three modules (Fig. 5A), and Rsc8 
works as a local organizer delineating the SRM 
into three substrate-binding lobes (Fig. 5B). 
RSC binds to the nucleosome primarily 
through the motor domain of Sth1, with the 
majority of the histone-DNA contacts main- 
tained. This model is different from the pre- 
vious notion of nucleosome embracement (5), 
which was proposed to result in extensive re- 
arrangement of histone-DNA contacts to 
facilitate DNA translocation. Our findings 
support a unified mechanism of chromatin 
that involves the action of the motor domain 
itself (12, 35). This is consistent with DNA 
translocation by the different remodelers in- 
volving 1- to 2-base pair movements of DNA 
along the octamer surface (11, 24, 36-38). 
RSC repositions the promoter +1 nucleosome 
away from the NFR, whereas ISWI slides the 
nucleosome toward the open DNA (39, 40). 
Our structure suggests that Rsc3-Rsc30 binds 
to the open NFR DNA such that the motor of 
Sth1 is loaded onto the +1 nucleosome at the 
side distal to the NFR (Fig. 5A). RSC would 
then push the +1 nucleosome away from the 
NFR. In contrast, the HSS domain of ISWI 
binds to the NFR DNA and positions the motor 
domain to the nucleosome at the proximal side, 
and thus slides the nucleosome toward the 
NFR (39). Therefore, Rsc3-Rsc30 in RSC and 
HSS in ISWI both recognize the NFR DNA, 
yet the specific architectures of these remodel- 
ing complexes position their motors differ- 
ently, enabling the enzymes to respond to 
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the chromatin cues distinctly and conferring 
specific functions at promoters. 

The structure of RSC also sheds light on the 
assembly of the mammalian homologs PBAF 
and BAF. In addition to the well-known con- 
served components (J), our work provides 
evidence that yeast Rsc2 and Rsc4 together 
represent the mammalian polybromo protein 
BAF180, as Rsc2 and Rsc4 are adjacent, and 
their BAH and BDs combine to largely con- 
stitute polybromo. Furthermore, our work shows 
that BAF45a, BAF200, and BRD7, which are 
the characteristic subunits of the PBAF (25), 
are homologous to Rsc7, Rsc9, and Rsc58 in 
RSC, respectively. 
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Activation of the ISR mediates the behavioral and 
neurophysiological abnormalities in Down syndrome 


Ping Jun Zhu", Sanjeev Khatiwada’*, Ya Cui*®, Lucas C. Reineke’?, Sean W. Dooling”®, 
Jean J. Kim*’, Wei Li+5, Peter Walter®°*, Mauro Costa-Mattioli+2* 


Down syndrome (DS) is the most common genetic cause of intellectual disability. Protein 
homeostasis is essential for normal brain function, but little is known about its role in DS 
pathophysiology. In this study, we found that the integrated stress response (ISR)—a signaling 
network that maintains proteostasis—was activated in the brains of DS mice and individuals with DS, 
reprogramming translation. Genetic and pharmacological suppression of the ISR, by inhibiting the 
ISR-inducing double-stranded RNA-activated protein kinase or boosting the function of the 
eukaryotic translation initiation factor elF2-elF2B complex, reversed the changes in translation 
and inhibitory synaptic transmission and rescued the synaptic plasticity and long-term memory 
deficits in DS mice. Thus, the ISR plays a crucial role in DS, which suggests that tuning of the ISR 


may provide a promising therapeutic intervention. 


ntellectual disability (ID) affects ~2 to 3% 
of the human population (7). Recent array- 
based comparative genomic studies have 
identified a large number of chromosomal 
aberrations in individuals with ID (2, 3). 
Down syndrome (DS) is a chromosomal con- 
dition and the most common genetic cause of 
ID. DS is a substantial biomedical and socio- 
economic problem (4), for which there is no 
effective treatment. Thus, the identification of 
neuronal targets for the development of phar- 
macotherapies to treat the memory decline as- 
sociated with DS is an important goal. 

DS results from the presence of an extra 
copy of human chromosome 21 (CH21; also 
known as Homo sapiens autosome 21, HSA21) 
leading to genetic imbalance. Gene expression 
studies have shown that the overall genome- 
wide differences between individuals with DS 
and euploid controls map not only to CH21 
but also to other chromosomes (5, 6). Thus, the 
DS phenotype could be caused by widespread 
pleiotropic dysregulation of gene expression 
(7). Consequently, most of the focus in the field 
has been to understand how alterations in the 
expression of specific genes in CH21 trisomic 
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cells lead to neurodevelopmental dysfunction 
(8). However, the degree to which defects in 
protein homeostasis (proteostasis) might con- 
tribute to the cognitive deficits associated with 
DS has remained largely unexplored. 

The brain must adapt to stress conditions 
that occur as a result of numerous environ- 
mental and/or genetic factors. The integrated 
stress response (ISR) is one of the circuits that 
responds to stress conditions and serves to re- 
store proteostasis by regulating protein syn- 
thesis rates (9). The central regulatory hub of 
the ISR is the eukaryotic translation initiation 
factor eIF2, the target of four kinases that are 
activated in response to different stresses. In 
its guanosine triphosphatase (GTP)-bound state, 
eIF2 assembles into the eI[F2-GTP-Met-tRNA; 
ternary complex (TC) that delivers the methionyl 
initiator tRNA (Met-tRNA;) to the small ribo- 
somal subunit (40S), priming translation ini- 
tiation (10). After recognition of an AUG codon, 
GTP is hydrolyzed and the resulting eIF2-GDP 
leaves the ribosome (GDP, guanosine diphos- 
phate). eIF2-GDP is recycled to the GTP-bound 
state by eIF2B, which serves as eIF2’s dedicated 
guanine nucleotide exchange factor (GEF). 

Translational control by the ISR is exerted 
by phosphorylation of the o subunit of eIF2 
(eIF2-P) on a single serine (serine 51), which 
converts eIF2 from a substrate into an inhibitor 
of eIF2B: eIF2-P binds more tightly to eIF2B 
and blocks its GEF activity. Thus, reducing TC 
formation inhibits general translation (0). 


Activation of the ISR in the brains of Ts65Dn 
mice and individuals with DS 


To determine whether protein homeostasis is 
altered in DS, we first measured protein syn- 
thesis rates in the brain of a mouse model of 
DS (Ts65Dn) that recapitulates the learning 
and memory deficits of the human syndrome 
(11, 12). Ts65Dn mice are trisomic for approx- 
imately two-thirds of the genes orthologous 
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to human CH21. We measured translation in 
the hippocampus of wild-type (WT) euploid 
mice and Ts65Dn mice by comparing poly- 
some sedimentation in sucrose gradients and 
then assessing ribosome and mRNA engage- 
ment. In this assay, the position of a given 
mRNA in the sucrose gradient is determined by 
the number of associated ribosomes. mRNAs 
that are poorly translated or not translated at 
all accumulate near the top, whereas trans- 
lationally active mRNAs are associated with 
multiple ribosomes (polysomes) and sediment 
to the bottom of the gradient (Fig. 1A). Com- 
pared with WT mice, mRNA translation in the 
hippocampus of Ts65Dn mice was reduced, 
as indicated by a 32 + 8% decrease in the 
polysome/subpolysome ratio (Fig. 1, B and 
C). An independent translation assay measur- 
ing puromycin incorporation into nascent 
polypeptide chains confirmed that protein 
synthesis was markedly reduced (39 + 7%) 
in the hippocampus of Ts65Dn mice (Fig. 1, D 
and E). 

To determine the mechanism(s) underlying 
the reduced translation in Ts65Dn mice, we 
first asked whether the ISR, a major pathway 
that regulates translation initiation (9), is acti- 
vated in the brains of Ts65Dn mice. Consistent 
with the decrease in overall protein synthesis 
(Fig. 1, B to E), the ISR was activated in the 
hippocampus of Ts65Dn mice, as determined 
by the increased eIF2-P levels (Fig. 1F). To as- 
sess whether these changes were also observed 
in the human condition, we measured eIF2-P 
levels in postmortem brain samples from human 
individuals with DS. We found increased eIF2-P 
levels in brain samples from human individuals 
with DS compared with non-DS euploid controls 
(Fig. 1G and table S1). Moreover, when we re- 
programmed a fibroblast line derived from an 
individual with DS (CCL-54"™ from ATCC) 
into induced pluripotent stem cells (iPSCs), we 
identified one clone that was CH21-trisomic 
(DS) and another clone from the same indi- 
vidual that was fortuitously euploid (control) 
(fig. S1). Microsatellite and karyotyping anal- 
ysis demonstrated that the euploid iPSC clone 
was isogenic (fig. Sl and see supplementary 
materials and methods), likely because the 
individual had mosaic DS, or the extra chro- 
mosome was lost during cell line propagation. 
Although extensive serial passaging (>70 pas- 
sages) of trisomic-21 iPSCs may have caused 
cells to become euploid (73), we find this un- 
likely because karyotyping was performed on 
passage 9 (fig. S1). Regardless of its etiology, 
the euploid isogenic line offered the rare op- 
portunity of an ideal isogenic control for our 
studies. Notably, the ISR was activated in the 
CH21-trisomic iPSCs but not in the isogenic 
euploid iPSCs, as indicated by increased eIF2-P 
levels (Fig. 1H). Similarly, the ISR was also 
activated in a previously reported CH21- 
trisomic iPSC line (DS1) (14) compared with 
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its respective isogenic control (DS2U) (fig. $2). 
As expected from the increased eIF2-P levels 
(Fig. 1H), protein synthesis was reduced in 
the DS iPSC line compared with the euploid 
isogenic control (Fig. 1, I and J). Thus, activa- 
tion of the ISR in the brains of Ts65Dn mice 
and human individuals with DS provides a 
common molecular signature of the condition. 

We next examined whether changes in the 
activity of mTORC1 (mammalian target of ra- 
pamycin complex 1), which regulates trans- 
lation initiation rates by a pathway that is 
distinct and independent from the ISR (J5), 
could also contribute to the decreased transla- 
tion in the brain of Ts65Dn mice. mTORC1 reg- 
ulates translation rates by phosphorylating 
its downstream targets, the ribosomal protein 
S6, and the translational repressor cap-binding 


protein eIF4E binding protein 1 (4E-BP1) (fig. 
S3A). In the hippocampus of WT and Ts65Dn 
mice, the phosphorylation states of these 
mTORCI targets, as well as that of the cap- 
binding protein eIF4E [a key translation ini- 
tiation factor (J0)], were indistinguishable 
(fig. S3, B to G), underscoring the idea that the 
translation repression in DS mice was likely 
exerted by ISR activation. 


The PKR branch of the ISR is activated 
in the brain of Ts65Dn mice 


In the brain, eIF2 is phosphorylated by three 
kinases: PKR (double-stranded RNA-dependent 
protein kinase), GCN2 (general control non- 
derepressible 2), and PERK (PKR-like endoplas- 
mic reticulum kinase) (fig. S4A). The fourth 


been extensively studied in erythroid cells, but 
little is known about its function in the brain. 
To examine which eIF2 kinase was responsible 
for the increase in eIF2-P in Ts65Dn mice, we 
measured their degree of autophosphorylation, 
indicative of their activation (16). Phosphoryl- 
ation of PKR, but not of GCN2 or PERK, was 
increased in the hippocampus of Ts65Dn mice 
(fig. S4, B to G). The unfolded protein response 
(UPR), which, in addition to PERK, includes 
the ER stress sensors IRE] (inositol requiring 
enzyme 1) and ATF6 (activating transcription 
factor 6), has recently been implicated in DS 
(7, 18). We did not observe changes in the activ- 
ity of IRE1 and ATF6 in the brains of Ts65Dn 
mice (fig. S5). Taken together with the fact that 
PERK was not activated in Ts65Dn mice, our 


ISR kinase, HRI (heme-regulated inhibitor), has 


data indicate that the ISR (but not the UPR) is 
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Fig. 1. The ISR is activated in the brains of DS mice (Ts65Dn) and individ- 
uals with DS. (A) Schematic of polysome profiling sedimentation. After 
ultracentrifugation, subpolysomes (40S, 60S, and 80S) and polysomes were 
separated on the basis of size. (B and C) Representative polysome profile traces 
(B) and quantification (C) of polysome/subpolysome ratio in the hippocampus 

of WT and Ts65Dn mice (n = 3 per group, t4 = 4.05, two-tailed Student's t-test). 
(D and E) Incorporation of puromycin into nascent peptides was detected 
using an anti-puromycin antibody. A representative immunoblot (D) and 
in hippocampal extract from WT and Ts65Dn mice (n = 3 per 
group, t, = 5.69). Treatment with the protein synthesis inhibitor cycloheximide 
was included as control. GAPDH, glyceraldehyde phosphate dehydrogenase. 

(F to H) Representative immunoblot and quantification of elF2-P levels in (F) 


quantification (E) 
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isogenic control. (I and J) 
iPSCs was detected using 
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hippocampal extracts from WT and Ts65Dn mice (n = 8 or 9 per group, 
tis = 3.14), (G) postmortem human brain extracts from controls and individuals 


too = 2.10), and (H) human iPSC extracts from an 


individual with DS (CH21-trisomic, n = 8 per group, ti4 = 4.95) compared with its 


Incorporation of puromycin into nascent peptides in 
an anti-puromycin antibody. A representative 


immunoblot (I) and quantification (J) in the DS CH21-trisomic iPSCs compared 


ne (n = 12 per group, to. = 2.51). “Isogenic control” 
ploid for CH21, whereas “DS” indicates iPSCs that 


are CH21-trisomic. Both lines were derived from the same individual with DS, and 
the experiment was replicated in 8 to 12 wells per genotype. Data are mean + 
SEM. *P < 0.05, **P < 0.01, ***P < 0.001. 
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selectively activated in the hippocampus of 
Ts65Dn mice. 

It is notable that in the hippocampus (Fig. 2, 
A and B) and cortex (fig. S6) of Ts65Dn mice 
lacking PKR (T: s65Dn-Pkr/— mice), elF2-P lev- 
els were reduced compared with Ts65Dn mice. 
Moreover, genetic inhibition of PKR in Ts65Dn 
mice (Ts65Dn-Pkr ’~ mice) was sufficient to 
derepress translation in the brains of Ts65Dn 
mice (Fig. 2, C and D). Thus, the increased 
levels of eIF2-P and the resulting sustained 
translational repression in the brain of Ts65Dn 
mice are mediated, at least in part, by activation 
of the PKR branch of the ISR. 


Inhibition of the PKR branch of the ISR 
rescues the deficits in long-term memory and 
synaptic plasticity in Ts65Dn mice 


Individuals with DS exhibit learning and 
memory deficits, specifically in hippocampus- 


Fig. 2. Inhibition of PKR rescues the deficits in 
long-term memory and synaptic plasticity in 
Ts65Dn mice. (A and B) Representative immunoblot 
(A) and quantification (B) of elF2-P levels in 
hippocampal extracts from WT (n = 9), Ts65Dn 

(n = 10), and Ts65Dn-Pkr’” mice [n = 7, 

Fo 23 = 4.12, one-way analysis of variance 
(ANOVA)]. (€ and D) Incorporation of puromycin 
into nascent peptides was detected using 

an anti-puromycin antibody. A representative immu- 
noblot (C) and quantification (D) in hippocampal 
extracts from WT (n = 8), Ts65Dn (n = 7), and 
Ts65Dn-Pkr’’” mice (n = 6, Fig2 = 25.16). 

(E) Schematic of the fear conditioning paradigm. 
(F) Genetic inhibition of PKR: freezing behavior 
before (naive) and 24 hours after training in WT 

(n = 12), Ts65Dn (n = 10), and Ts65Dn-Pkr-’” mice 
(n = 9, H = 22.74, one-way ANOVA on ranks). 

(G) Pharmacological inhibition of PKR: freezing 
behavior before (naive) and 24 hours after training in 
vehicle-treated (n =15) and PKRi-treated Ts65Dn 
mice (n = 14, to7 = 3.21). (H) Schematic of the object 
ecognition task. (I) Genetic inhibition of PKR: novel 
object discrimination index 24 hours after training in 
WT (n = 15), Ts65Dn (n = 15), and Ts65Dn-Pkr-” 
mice (n = 12, Fo39 = 11.56). (J) Pharmacological 
inhibition of PKR: novel object discrimination index 
24 hours after training in vehicle-treated (n = 10) 
and PKRi-treated Ts65Dn mice (n = 12, too = 3.48). 
(K) Genetic inhibition of PKR: L-LTP induced by four 
trains of high frequency stimulation (HFS, 4 x 

100 Hz) in WT (n = 10), Ts65Dn (n = 14), and 
Ts65Dn-Pkr-’~ mice (n = 14, H = 15.72, P < 0.05). 
fEPSP, field excitatory postsynaptic potential. 

(L) Pharmacological inhibition of PKR: L-LTP induced 
by 4 x 100 Hz of HFS in vehicle-treated (n = 7) 
and PKRi-treated Ts65Dn mice (n = 13, U = 41.00, 
P < 0.05, Mann-Whitney U test). Data are 

mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. 
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dependent tasks (4, 19). To investigate whether 
activation of the ISR contributes to long-term 
memory deficits in DS mice, we first exam- 
ined hippocampus-dependent contextual fear 
memory. In this task, we paired a context (con- 
ditioned stimulus, CS) with a foot shock (un- 
conditioned stimulus, US).Twenty-four hours 
after training, we exposed mice to the CS and 
measured their fear responses (in this case, freez- 
ing behavior) as an index of the strength of 
their long-term memory (Fig. 2E). Although 
freezing prior to training was similar in Ts65Dn 
mice and naive WT mice, Ts65Dn mice exhib- 
ited a significant reduction in freezing behavior 
24 hours after a normal training paradigm (two 
foot shocks at 0.7 mA for 2 s), indicating that 
their long-term contextual fear memory was 
impaired (Fig. 2F), as expected (20, 27). Genetic 
ablation of PKR in Ts65Dn mice (T: 's65Dn-Pkr 
mice) significantly improved their long-term 


memory (Fig. 2F). A weak training protocol 
(one foot shock at 0.35 mA for 1 s) is known to 
induce a better long-term fear memory in Phr/ 
mice compared with their WT littermates (22). 
However, in response to a normal and more 
conventional training protocol (two foot shocks 
at 0.7 mA for 2 s), the one we used to reveal that 
Ts65Dn mice exhibited impaired memory, 
Pkr~/~ mice and WT littermates showed nor- 
mal long-term memory (fig. S7A). Thus, genetic 
deletion of PKR selectively improves long-term 
memory in Ts65Dn mice. Consistent with these 
results, treatment with an inhibitor of PKR, 
PKRi (22), reversed the long-term memory 
deficits in Ts65Dn mice (Fig. 2G) but had no 
effect on WT mice (fig. S7B). 

To corroborate these findings, we assessed 
long-term object recognition memory, which 
is also dependent on the hippocampus (23). In 
this task, animals need to differentiate between 
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a familiar and a novel object. During acquisi- 
tion, two identical objects are placed in a box, 
and mice are allowed to explore them (Fig. 2H). 
Ts65Dn and WT mice spent, on average, an 
equal amount of time investigating the iden- 
tical objects (fig. S8, A and B). When one object 
was replaced by a novel one 24 hours later, WT 
mice, relying on their memory for the old ob- 
ject, preferentially explored the novel object. 

In contrast, Ts65Dn mice showed markedly 
reduced object discrimination, indicating that 
their long-term object recognition memory was 
impaired (Fig. 21), as expected (9, 24). Again, 
these deficits in long-term memory were ame- 
liorated by genetic (Fig. 21) or pharmacological 
inhibition of PKR in Ts65Dn mice (Fig. 2J and 
fig. S8). Both genetic and pharmacological 
inhibition of the PKR restored behavioral flex- 
ibility in Ts65Dn mice in a spontaneous alter- 
nation T-maze task (fig. S9). 

We next investigated whether the inhibition 
of PKR could improve the long-term deficits 
in synaptic plasticity in Ts65Dn mice. To this 
end, we recorded protein synthesis-dependent 
late long-term potentiation (L-LTP), which is 
thought to underlie long-term memory (25), 
in hippocampal slices. As expected, L-LTP 
was impaired in slices from Ts65Dn mice, and 
genetic ablation of PKR rescued the impaired 
L-LTP in Ts65Dn mice (Fig. 2K). Consistent 
with these data, treatment with PKRi im- 
proved L-LTP in slices from Ts65Dn mice (Fig. 
2L). Genetic or pharmacological inhibition of 
PKR does not further enhance L-LTP induced 
by four tetanic trains in WT slices (22); hence, 
the effects of these manipulations were specific 
to Ts65Dn mice. Thus, in Ts65Dn mice, the 
cognitive impairment at both the behavioral 
and synaptic levels is caused, at least in part, 
by activation of the PKR branch of the ISR. 


Inhibition of the ISR rescues the dysregulated 
translational program in Ts65Dn mice 


To decipher the translational landscape in the 
brain of Ts65Dn mice in an unbiased manner, 
we next compared genome-wide transcriptional 
changes by RNA sequencing (RNA-seq) with 
translational changes, as determined by the 
sequencing of polysome-associated mRNA in 
the brain of WT and Ts65Dn mice (Fig. 3A). As 
expected, in Ts65Dn mice, numerous genes 
were transcriptionally and/or translationally 
dysregulated (Fig. 3, B and C). Gene ontology- 
term enrichment analysis revealed categories 
of genes involved in mRNA metabolism, and 
signaling pathways involved in LTP regulation 
and memory storage (Fig. 3D). To identify the 
mRNAs whose translation was altered in Ts65Dn 
mice, we focused on mRNAs that were not 
significantly altered at the transcriptional level 
but were translationally increased or decreased 
(>1.5-fold) in Ts65Dn mice. We found 662 
differences in the brains of Ts65Dn mice (Fig. 
3E and table S2). Of note, the expression of 
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Fig. 3. Inhibition of the ISR rescues the dysregulated translational program in the brain of Ts65Dn 


mice. (A) Schematic of the polysome profiling followed 
genes significantly up- or down-regulated (>1.5 fold) at 


by RNA-seq protocol. (B) Scatterplot showing the 
the transcriptional and/or translational levels in 


the brain of Ts65Dn mice. mRNAs whose expression was not altered between genotypes were removed from 
the analysis (white square). (©) Venn diagram depicting transcriptionally and translationally up- or down- 


regulated genes in Ts65Dn mice. (D) Kyoto Encyclopedi 


a of Genes and Genomes (KEGG) pathway 


enrichment analysis of the genes down-regulated in Ts65Dn mice compared with WT. cAMP, 3',5'-cyclic 
adenosine monophosphate; GnRH, gonadotropin-releasing hormone. (E) Heat map showing genes that 
are significantly up- or down-regulated only at the translational level in Ts65Dn mice and rescued in 


Ts65Dn-Pkr” mice (n = 3 per group). 


>80% of the mRNAs whose association with 
ribosomes was reduced in Ts65Dn mice was 
selectively corrected in Ts65Dn-Pkr’ mice 
(Fig. 3E, table $2, and fig. S10). Moreover, in 
an outcome that would be expected of ISR 
induction, a subset of mRNAs showed in- 
creased association with the polysome fraction 
in Ts65Dn mice but not in Ts65Dn-Pkr/— 
mice (Fig. 3E and table 82). Thus, inhibition 
of the PKR branch of the ISR partially cor- 
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rects the dysregulated translational program 
in Ts65Dn mice. 


Inhibition of the ISR rescues the deficits in 
protein synthesis, long-term memory, and 
synaptic plasticity in Ts65Dn mice 

Because (i) eIF2 is the central hub of the ISR 
and its phosphorylation reduces general pro- 
tein synthesis rates by inhibiting eIF2B (JO), 
Gi) the ISR is activated in the brains of Ts65Dn 
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mice, and (iii) protein synthesis is a primary 
node of proteostatic control, and its regulation 
is crucial for synaptic plasticity and long-term 
memory formation (26), we reasoned that 
either direct inhibition of the ISR by reducing 
elF2-P levels or promoting the activity of eIF2B 
should similarly reverse the cognitive deficits 
in Ts65Dn mice. To test these predictions, we 
first crossed Ts65Dn mice with heterozygous 
Eif2s1“ mice, in which in one of the alleles 
the phosphorylation site at serine 51 of eIF2a 
was replaced by nonphosphorylatable alanine. 
In the brains of Ts65Dn-Eif2s1™“ mice, elF2- 
P levels were reduced compared with Ts65Dn 
mice (Fig. 4, A and B). As expected, direct 
reduction of eIF2-P levels in Ts65Dn mice 
(Ts65Dn-Eif2s1“ mice) restored the aberrant 
translation (Fig. 4, C and D). More impor- 
tantly, reduction of eIF2-P levels corrected 
the deficits in long-term memory (Fig. 4E and 
fig. S11) and L-LTP in Ts65Dn mice (Fig. 4F) 
but had no effect on WT mice (fig. S12). Thus, 
direct reduction of eIF2-P levels and correc- 
tion of the aberrant translation in Ts65Dn 
mice rescues their deficits in L-LTP and long- 
term memory. 

To further support these findings, we treated 
Ts65Dn mice with the small-molecule, drug- 
like ISR inhibitor ISRIB. ISRIB is a potent 
eIF2B activator that enhances GEF activity 
by facilitating eIF2B assembly into its deca- 
meric holoenzyme, resulting in the reversal of 
eIF2-P-mediated translational events (27-29). 
Treatment with ISRIB paralleled the effects of 
reducing elIF2-P levels genetically: ISRIB res- 
cued the impairment in long-term memory 
(Fig. 4G) and L-LTP (Fig. 4H) in Ts65Dn mice, 
although it did not further enhance L-LTP (fig. 
S13A) or long-term fear memory (fig. S13B) in 
WT mice. Thus, direct genetic or pharmaco- 
logical manipulation of the efficacy of the cen- 
tral ISR effector eIF2-P rescues the core deficits 
in long-term memory and synaptic plasticity in 
Ts65Dn mice. 


Inhibition of the ISR reverses the 
enhanced inhibitory synaptic transmission in 
Ts65Dn mice 


According to previous reports, the deficits in 
L-LTP and long-term memory in Ts65Dn mice 
can be attributed to enhanced inhibitory syn- 
aptic transmission (24, 30, 31). Thus, we first 
wondered whether reversal of the PKR-mediated 
increase in eIF2-P also corrects the abnormally 
high inhibitory synaptic transmission observed 
in Ts65Dn mice. As expected, whole-cell record- 
ings showed that inhibitory synaptic trans- 
mission was enhanced in Ts65Dn mice (Fig. 5, 
A and B). Specifically, we observed significant 
enhancement of the frequency (but not the 
amplitude) of miniature inhibitory postsynaptic 
currents (mIPSCs) in hippocampal slices from 
Ts65Dn mice (Fig. 5, A and B, and fig. S14A). 
The enhanced synaptic inhibition was reduced 
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Fig. 4. Genetic or pharmacological inhibition of the ISR rescues the deficits in memory and 
synaptic plasticity in Ts65Dn mice. (A and B) Representative immunoblot (A) and quantification 
(B) of elF2-P levels in hippocampal extracts from WT (n = 8), Ts65Dn (n = 8), and Ts65Dn-Eif2s1°”4 
mice (n = 8, H = 15.92). (€ and D) Incorporation of puromycin into nascent peptides was detected 
using an anti-puromycin antibody. A representative immunoblot (C) and quantification (D) in 
hippocampal extracts from WT (n = 11), Ts65Dn (n = 11), and Ts65Dn-Eif2s1°”" mice (n = 12, 

F312 = 11.23). (E) Genetic inhibition of the ISR: freezing behavior before (naive) and 24 hours after 
training in WT (n = 9), Ts65Dn (n = 13), and Ts65Dn-Eif2s1S“ mice (n = 12, Fo,3, = 20.25). 

(F) Genetic inhibition of the ISR: L-LTP induced by 4 x 100 Hz of HFS in Ts65Dn (n = 10) and 


Ts65Dn-Eif2s1°* mice (n = 9, ty = 3.1, P < 0.01). (G) Pharmacological inhibition of the ISR: freezing 


behavior before (naive) and 24 hours after training in vehicle-treated (n = 14) and ISRIB-treated 

(n = 16) Ts65Dn mice (U = 43.50, Mann-Whitney U test). (H) Pharmacological inhibition of the ISR: 
L-LTP induced by 4 x 100 Hz of HFS in vehicle-treated (n = 8) and ISRIB-treated (n = 9) Ts65Dn 
mice (tis = 4.84, P < 0.001). Data are mean + SEM. *P < 0.05, **P < 0.01. 
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in hippocampal slices from Ts65Dn-Pkr/~ 
mice (Fig. 5, A and B), as well as in slices from 
Ts65Dn mice treated with PKRi (Fig. 5, C and 
D, and fig. S14B). Excitatory synaptic transmis- 
sion (determined by measuring miniature ex- 
citatory postsynaptic current frequency and 
amplitude) was not altered in the hippocam- 
pus of Ts65Dn mice (fig. S15). Accordingly, 
genetic reduction of eIF2-P levels (Fig. 5, E and 
F, and fig. S14C) or promoting the activity of 
elF2B with ISRIB (Fig. 5, G and H, and fig. S14D) 
reduced the enhanced synaptic inhibition in 
Ts65Dn mice. Thus, inhibition of the ISR at 
the level of the initiating kinase PKR or at its 
central eIF2-eIF2B regulatory hub reverses 
the enhanced synaptic inhibitory tone in 
Ts65Dn mice. 


The ISR: A molecular switch for long-term 
memory formation that is turned off in 
cognitive disorders 


It is widely accepted that de novo protein syn- 
thesis is required for the formation of long- 
term memory (32, 33). Research in different 
species and animal models over the past 
decade has shown that the ISR is a central 
proteostasis network causally controlling long- 
term memory formation. This conclusion is 
supported by three types of observations. First, 
genetic or pharmacological suppression of the 
ISR, by inhibiting the eIF2 kinases or boosting 
the function of the eIF2-eIF2B complex, facil- 
itates long-term memory formation (26, 34). 
Second, activation of the ISR by inhibiting the 
eIF2 phosphatases or activating PKR in the hip- 
pocampus impairs long-term memory (26, 34). 
Finally, mutations in key components that 
induce the ISR have been associated with ID 
(35-37), underscoring the importance of the 
ISR in mnemonic processes. 

In this study, we found that activation of 
the ISR can account, at least in part, for the 
core behavioral and neurophysiological abnor- 
malities in Ts65Dn mice, a model system of 
DS. The potential significance of our findings 
is highlighted by the observation that the acti- 
vation of the ISR in the brains of Ts65Dn mice 
is recapitulated in the brains of individuals 
with DS, as well as in human CH21-trisomic 
iPSCs derived from individuals with DS. Thus, 
ISR-mediated maladapted regulation of pro- 
tein synthesis may emerge as a central mo- 
lecular mechanism underlying the cognitive 
decline associated with DS. 

Given the heterogeneity of the genetic per- 
turbations in DS, it seems unlikely that aber- 
rant levels of a single protein are the sole cause 
of the long-term memory deficits associated 
with DS. Instead of repairing the expression 
of individual genes, we correct the overall 
translational program controlled by the ISR by 
restoring the function of eIF2-eIF2B, where 
the ISR exerts its central control. Briefly, we 
find that inhibition of the activated ISR either 
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Fig. 5. Genetic or pharmacological inhibition of the ISR suppresses the increased inhibitory 
synaptic responses in Ts65Dn mice. (A and B) Sample traces (A) and summary data (B) show 
frequency of mIPSCs in CAl neurons from WT (n = 16), Ts65Dn (n = 20), and Ts65Dn-Pkr’” (n = 16) 
mice (F249 = 7.76). (© and D) Sample traces (C) and summary data (D) show frequency of mIPSCs 

in CAl neurons from vehicle-treated (n = 16) and PKRi-treated (n = 17) Ts65Dn mice (t3) = 7.09). 

(E and F) Sample traces (E) and summary data (F) show frequency of mIPSCs in CAl neurons from 
Ts65Dn (n = 20) and Ts65Dn-Eif2s1°“" mice (n = 17, t35 = 4.58). (G and H) Sample traces (G) and 
summary data (H) show frequency of mIPSCs in CA1 neurons from vehicle-treated (n = 13) and 
ISRIB-treated Ts65Dn mice (n = 22, t33 = 6.18). Data are mean + SEM. **P < 0.01. 


upstream at the level of the ISR-inducing 
kinase PKR, or downstream by manipulating 
the central ISR signaling hub (eIF2-elF2B), 
rescues the cognitive deficits and neurophys- 
iological abnormalities in Ts65Dn mice. By 
correcting the translational program con- 
trolled by the ISR, we overcame a central limi- 
tation of the field: It is simply not feasible to 
determine in vivo the causal role of all of the 
individually dysregulated proteins in long-term 
memory formation by overexpressing or knock- 
ing them down, which would require hundreds 
of experiments, and given the current tech- 
nology, it is certainly not possible to test all 
combinatorial possibilities. Beyond these limi- 
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tations, it may prove not to be useful to target 
specific genes if the ultimate cause of the dis- 
order lies in global proteostasis defects that 
are sensed as a generic stress condition in the 
brain by the ISR. 

Excessive synaptic inhibition is thought to 
cause the deficits in hippocampal L-LTP and 
long-term memory in Ts65Dn mice (24, 30, 31). 
We provide genetic and pharmacological evi- 
dence that inhibition of the ISR reverses the 
excessive synaptic inhibition and, in turn, the 
deficits in L-LTP and long-term memory that 
likely result from it. Thus, our findings pre- 
sent a model that links these two axes of 
dysfunction—increased synaptic inhibition, 
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and impaired L-LTP and long-term memory 
formation—through a single proteostasis net- 
work, the ISR. 

In addition to reducing enhanced synaptic 
inhibition, other manipulations and pathways 
[serotonin, sonic hedgehog (Shh), minocycline, 
lithium, exercise, brain-derived neurotrophic 
factor (BDNF)] have been shown to improve 
the memory and/or L-LTP deficits in Ts65Dn 
mice. It is of interest that these manipulations 
modulate the ISR: minocycline, which has been 
reported to improve memory in Ts65Dn mice 
(38), inhibits the ISR by reducing eIF2-P levels 
(39). Treatment with fluoxetine, a selective 
serotonin reuptake inhibitor, improves long- 
term memory in Ts65Dn mice (40) and has 
been shown to inhibit the PKR branch of the 
ISR (41). The synthetic activator of the Shh 
pathway SAG 1.1 rescues memory in Ts65Dn 
mice (42). Although it is currently unknown 
whether SAG 1.1 inhibits the ISR, another 
pharmacological activator of the Shh blocks the 
PERK branch of the ISR, resulting in decreased 
eIF2-P levels (43). Lithium improves LTP and 
memory in Ts65Dn mice (44) and inhibits the 
ISR by promoting eIF2B activity (45). Exercise, 
which has been reported to improve cognitive 
function in Ts65Dn mice (46), has recently 
been shown to block the ISR in the hippo- 
campus of an Alzheimer’s disease (AD) mouse 
model (47). Finally, pharmacological induction 
of BDNF with the recently developed BDNF- 
mimetic drug 7,8-dihydroxyflavone (DHF) 
reverses the deficits in LTP and long-term mem- 
ory in Ts65Dn mice (48), and BDNF inhibits 
the ISR in neurons by promoting eIF2B activ- 
ity and reducing eIF2-P levels (49). These ob- 
servations raise the intriguing possibility that 
the manipulations reported to reverse the mem- 
ory deficits in Ts65Dn may do so, either directly 
or indirectly, by modulating the ISR, which 
might lie at the crossroad of the different 
pathways implicated in DS. 

Finally, DS is characterized by a high inci- 
dence of early onset AD, and activation of the 
ISR has been implicated in a variety of neuro- 
degenerative disorders, including AD (50), trau- 
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matic brain injury (57), prion disease (52), and 
myelination disorders (53, 54). Thus, genetic or 
pharmacological modulation of the ISR may 
emerge as a promising avenue to alleviate a 
wide range of cognitive disorders resulting from 
a disruption in protein homeostasis. 
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Engineering bunched Pt-Ni alloy nanocages for 
efficient oxygen reduction in practical fuel cells 


Xinlong Tian’*, Xiao Zhao**, Ya-Qiong Su**, Lijuan Wang’, Hongming Wang°, Dai Dang®, Bin Chi’, 
Hongfang Liu, Emiel J.M. Hensen’, Xiong Wen (David) Lou®+, Bao Yu Xia*t 


Development of efficient and robust electrocatalysts is critical for practical fuel cells. We report 
one-dimensional bunched platinum-nickel (Pt-Ni) alloy nanocages with a Pt-skin structure for the oxygen 
reduction reaction that display high mass activity (3.52 amperes per milligram platinum) and specific 
activity (5.16 milliamperes per square centimeter platinum), or nearly 17 and 14 times higher as 
compared with a commercial platinum on carbon (Pt/C) catalyst. The catalyst exhibits high stability with 
negligible activity decay after 50,000 cycles. Both the experimental results and theoretical calculations 
reveal the existence of fewer strongly bonded platinum-oxygen (Pt-O) sites induced by the strain 

and ligand effects. Moreover, the fuel cell assembled by this catalyst delivers a current density of 

1.5 amperes per square centimeter at 0.6 volts and can operate steadily for at least 180 hours. 


latinum (Pt) is the most active electro- 

catalyst for the oxygen reduction reac- 

tion (ORR) in fuel cells and metal-air 

batteries with promising stability (7-3). 

Nevertheless, the state-of-the-art Pt cat- 
alysts still lack activity and stability with re- 
spect to the cost and availability for large-scale 
commercial implementation (4, 5). Engineer- 
ing the near-surface composition of nano- 
structured Pt alloys represents one promising 
approach to enhance the electrocatalytic per- 
formance of Pt-based electrocatalysts, in which 
the exposure of highly active sites with opti- 
mum performance can be maximized (6, 7). 
Adding other transition metals can enhance 
the catalytic performance via ligand and strain 
effects through modifying the binding strength 
of Pt-oxygen intermediates (8-10). 

The introduction of open nanostructures, 
including hollow and porous nanoparticles 
such as nanocages (NCs) and nanoframes, may 
help in achieving this goal and also enhance 
mass transfer (17). Porous metal structures 
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usually exist as nanoparticles and typically 
do not display long-term stability because 
they agglomerate or detach from the (usually 
carbon) support (12, 73). By contrast, one- 
dimensional (1D) nanostructures and their 
assemblies can exhibit enhanced stability be- 
cause of their inherent anisotropic, higher 
flexibility and higher conductivity (14). The 
anisotropy of 1D nanostructures can lead to 
greater surface contact with the usual carbon 
support, thus resulting in high stability (5). 
Recently, 1D Pt-based alloy nanostructures 
have been explored for their promising ORR 
activity and stability (16, 17). However, these 
solid 1D nanostructures contain a substantial 
proportion of noble metals in the bulk versus 
at the surface, which limits the noble-metal 
utilization (78). Moreover, although desirable 
ORR performance has been established in 
model studies with, for example, rotating disk 
electrodes (RDEs), relatively few works have 
studied nanostructured Pt electrocatalysts in 
a complete cell configuration (79). The limi- 
tations in comparing performance at the RDE 
level with those at the cell level are known 
(20). To this end, it follows that optimum ORR 
catalysts based on Pt should be designed by 
having a high Pt utilization efficiency (porous 
nanostructures), a favorable nanoscale chem- 
ical environment for ORR (chemical alloying) 
with an optimized structure in terms of the 
exposure of active sites, and stability derived 
from both the nanostructure itself as well as 
its interface with the support. 

We demonstrate Pt-Ni bunched NCs (BNCs) 
in 1D form that exhibit superior ORR activity 
and durability compared with conventional 
Pt electrocatalysts. We first prepared 1D 
Pt-Ni bunched nanospheres (BNSs) by re- 
ducing Pt and Ni precursors with varying 
ratios in oleylamine by a one-pot solvothermal 
method. Treatment under acidic conditions 
selectively removed Ni species to leave 1D Pt- 
Ni BNCs with ultrathin walls composed of a 
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Pt skin and a residual Pt-Ni alloy below this 
skin (Fig. 1A). The nanostructures with a Pt, ;Ni 
starting composition exhibited the highest 
mass and specific activities of 3.52 A mgp; * 
and 5.16 mA cmp; ”, respectively. These values 
are more than one order of magnitude high- 
er than those of a commercial Pt/C catalyst 
[60 weight % (wt %), Johnson Matthey (JM)] 
and comparable to those of very recently re- 
ported Pt nanostructure catalysts (table S1). 
The catalyst also exhibited superb durabil- 
ity with a negligible activity decay (less than 
1.5%) after 50,000 potential-scanning cycles. 
In addition, the Pt-Ni BNC electrocatalyst 
showed improved performance in a fuel cell 
test compared with commercial Pt/C, both in 
a hydrogen-air proton exchange membrane 
fuel cell (PEMFC) and an air-breathing PEMFC 
setup at room temperature and ambient pres- 
sure. In situ x-ray absorption fine structure 
(XAFS) and theoretical calculations revealed 
that the Pt-Ni alloy nanostructures had opti- 
mal adsorption energies of oxygen intermedi- 
ates with respect to Pt. 


Bunched nanospheres 


The Pt-Ni BNSs were synthesized in nearly 
100% yield from platinum(I]) acetylaceton- 
ate [Pt(acac).], nickel(II) acetylacetonate 
[Ni(acac).], cetyltrimethylammonium bromide 
(CTAB), and oleylamine mixtures that were 
ultrasonicated and then heated at 180°C for 
several hours (see supplementary materials 
and fig. S1). Composition studies included 
PtzNi, Pt.Ni, Pt,;Ni, Pt,Ni,, and PtNi, samples, 
and the transmission electron microscopy- 
energy-dispersive spectroscopy (TEM-EDS) 
profiles, together with inductively coupled 
plasma optical emission spectrometry (ICP- 
OES) results, suggest complete reduction of 
the precursors because the Pt/Ni ratios of the 
final products were nearly the same as the 
ratios used in the synthesis mixture (fig. $2). 
We further studied the effect of the concen- 
tration of the various reagents, including CTAB 
and glucose, and the Pt/Ni ratio in the synthe- 
sis solution on the formation of the structures 
(figs. S3 to S6). The x-ray diffraction (XRD) 
patterns of Pt-Ni BNSs with varying Pt-Ni com- 
position (Pt,,.Ni,-BNSs) confirmed the efficient 
alloy formation (fig. S5), indicating that the 
composition can be adjusted by judicious 
choice of the amount of Pt and Ni precursors 
(21). Only when no Ni was present during the 
synthesis were Pt nanowires (NWs) with a 
smooth surface obtained. The surfaces became 
rougher with the increasing Ni/Pt feeding ra- 
tio (fig. S6). We used TEM-EDS to monitor time- 
dependent reaction progress, which revealed 
the formation of Pt NWs before Ni inclusion. 
This sequence is expected, given the higher 
redox potential of Pt (figs. S7 and S8). Finally, 
stable Pt-Ni alloys were formed under solvo- 
thermal conditions (22). 
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Representative scanning electron microscopy 
(SEM) and TEM images emphasize the uniform 
1D morphology of the as-synthesized samples 
for the Pt;,;Ni composition (labeled as PtNi- 
BNSs, and this one, after etching, leads to the 
best ORR activity) with a length of hundreds 
of nanometers consisting of BNSs (Fig. 1, B 
and C). High-resolution TEM (HRTEM) images 
reveal lattice fringes of 0.227 nm at the stems 
and 0.216 nm at the shells (Fig. 1D), correspond- 
ing to (111) planes of Pt and Pt-Ni alloys (23), 
respectively, suggesting that the alloyed Pt-Ni 
nanospheres would be connected by Pt-rich 
NWS. Scanning transmission electron micros- 
copy (STEM)-EDS line scanning of the stems 
of different regions showed the existence of 
Ni in the stems and an average Pt/Ni ratio of 
roughly 5/1 (fig. S9). It seems that the nano- 
spheres were Ni-rich compared with the stems, 
because the scans may not reveal the overall 


Tian et al., Science 366, 850-856 (2019) 


Etching 


Intensity (a.u.) 
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compositions, whereas Pt-rich alloys can be 
confirmed at the stems. Atomic-resolution 
HRTEM images depict the uneven surface of 
the PtNi-BNSs (i.e., Pt; ;Ni composition) and the 
occurrence of high-index (211) and (311) facets 
(Fig. 1, E and F). The presence of abundant 
high-index facets is favorable for ORR, because 
they exhibit distinct binding energies with 
oxygen-containing surface intermediates in 
the ORR mechanism (24). The presence of 
alloyed features is verified by STEM-EDS ele- 
mental mapping analysis, emphasizing the 
homogeneous distribution of Pt and Ni across 
the analyzed zone, which contains a Ni-rich 
core (Fig. 1G). The line-scanning analysis of 
PtNi-BNSs demonstrates that both Pt and Ni 
elements are dispersed uniformly across the 
whole sphere, with an atomic Pt/Ni ratio near 
60/40, according to TEM-EDS profile (Fig. 1H). 
This result is consistent with the bulk elemen- 
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Position (nm 


Fig. 1. Structural and com- 
positional characteriza- 
tions of Pt, ;Ni-BNSs. 

(A) Schematic illustration 

of the preparation of PtNi- 
BNCs. (B and C) TEM images 
of PtNi-BNSs. (D) Enlarged 
TEM image of the area 
indicated in (C) and the 
corresponding HRTEM 
images of the areas marked 
by yellow squares. The 

white dots and arrows 
indicate the lattice spacing. 
(E and F) Atomic-resolution 
HRTEM images. Orange 

bars indicate the edges of the 
attice planes, yellow arrows 
indicate the surface steps, 
and yellow circles indicate the 
outermost atoms. (G) High- 
angle annular dark-field 
(HAADF)-STEM image and 
the corresponding EDS 
elemental mapping of PtNi- 
BNSs. (H) EDS profile of 
PtNi-BNSs (top) and STEM- 
EDS line-scanning profile 
(bottom) of a single nano- 
particle. The inset shows the 
studied nanoparticle and 

the line-scanning analysis 
along the yellow arrow. a.u., 
arbitrary units. 
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tal ICP-OES analysis that informed a Pt/Ni 
ratio of 62/38. 


Bunched nanocages 


We obtained Pt-enriched BNCs by selectively 
removing the more reactive Ni species through 
a simple acid-etching method. TEM images of 
the PtNi-BNCs (this sample is from the PtNi- 
BNSs after the etching) showed that the products 
were still highly dispersed without structural 
collapse after the etching treatment (Fig. 2A). 
The presence of internal voids was deduced 
from the observation of the darker walls of the 
NCs (Fig. 2B). The average wall thickness was 
~2.2 nm (Fig. 2C), roughly corresponding to 
ll atomic Pt layers. The lattice fringe of 0.221 nm 
was consistent with the (111) plane of a Pt-Ni 
alloy (23) and was slightly larger than that of 
PtNi-BNSs because of the decreased Ni content 
after etching. In addition, the high density of 
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steps and edges was well preserved during the 
etching step (Fig. 2D). STEM-EDS elemental 
mapping analysis indicated that the skin struc- 
ture of the wall in the Pt-Ni NCs was Pt-rich 
(Fig. 2E). Figure 2F shows the EDS-line scan- 
ning of a single sphere in PtNi-BNCs, further 
confirming a well-defined Pt-skin structure 
of the NCs formed after the Ni etching. The 


Fig. 2. Structural and 
compositional characteri- 
zations of PtNi-BNCs 
derived from etching of 
Pt, 5Ni-BNSs. (A and B) TEM 
images of PtNi-BNCs. 

(C) Enlarged TEM image 
and the corresponding 
HRTEM images of the areas 
marked by yellow squares. 
(D) Atomic-resolution HRTEM 
image. Orange dotted lines 
indicate the atoms along the 
plane, and yellow arrows 
indicate the surface steps. 
(E) HAADF-STEM images. 
(F) EDS profile of PtNi-BNCs 
(top) and STEM-EDS line- 
scanning profile (bottom) of 
a single NC. The inset 
shows the studied NC and 
the line-scanning analysis 
along the yellow arrow. The 
red dashed-dotted lines and 
arrows indicate the thickness 
of outermost Pt layers. 


thickness of the outer shell was ~0.63 nm, 
corresponding to roughly two to three atomic 
Pt layers (25). 

On the basis of the above analysis, we pro- 
pose that the walls of NCs are heterogeneous 
in composition, with Pt-rich skins on both the 
outer and inner surfaces and Pt-Ni alloy in 
the inner region of the wall. The precise Pt/Ni 


atomic ratio of PtNi-BNCs was revealed by the 
TEM-EDS profile as 80.7/19.3 (fig. S10, A and B), 
consistent with the ICP-OES result (81/19). The 
increased Pt/Ni ratio was likely caused by se- 
lective Ni leaching. The XRD diffraction peaks 
of PtNi-BNCs showed a small shift to lower 
angles compared with PtNi-BNSs (fig. S10C), 
which is consistent with the lower overall Ni 
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Fig. 3. Electrochemical and fuel-cell performance of various Pt-based samples. (A to D) CVs (A), LSVs (B), corresponding Tafel plots (C), and mass and 
specific activities (D) of Pt/C, Pt NWs/C, PtNi-BNSs/C, and PtNi-BNCs/C at 0.9 V (versus RHE). J, current density. (E) H2-air fuel cell polarization plots 
with Pt/C, PtNi-BNSs/C, and PtNi-BNCs/C as the cathode catalysts. (F) Stability test of Hz-air and air-breathing fuel cells at 0.6 V. 
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content of the former. X-ray photoelectron 
spectroscopy (XPS) of Pt 4f revealed a shift of 
the Pt core levels to lower binding energies 
compared with Pt/C, likely because of elec- 
tron donation from Ni to Pt (fig. S1IOD). The 
ligand effect would downshift the Pt d-band 
center, lowering the binding affinity between 
Pt and oxygen intermediates and thus enhanc- 
ing the ORR activity (5). 


Electrocatalytic activity 


We evaluated PtNi-BNCs as ORR catalysts, and 
Fig. 3A presents cyclic voltammetry (CV) re- 
sults of Pt/C (60 wt %, JM), Pt NWs/C, PtNi- 
BNSs/C, and PtNi-BNCs/C in a No-saturated 
0.1M HClO, solution (fig. S11). The CV curves 
for carbon-supported PtNi-BNCs were inves- 
tigated as a function of the Pt/Ni ratio (fig. S12). 
The electrochemically active surface area (ECSA) 
measured by hydrogen underpotential deposi- 
tion (Hypp) of PtNi-BNCs/C was 68.2 m” gp,’ 
which is substantially higher than that of 
PtNi-BNSs/C (43.5 m? gp, *), confirming the 
advantage of a hollow structure created by 
acid leaching. Moreover, the ECSA values for 
Pt/C, Pt NWs/C, PtsNi-BNCs/C, Pt.Ni-BNCs/C, 
Pt. ;Ni-BNCs/C, Pt,Ni;-BNCs/C, and PtNio- 
BNCs/C (for convenience, all x and y values 
in the names of BNCs were labeled the same 
values as in the starting BNSs) were 56.5, 
46.3, 37.4, 59.1, 68.2, 70.7, and 80.3 m? gp, 
respectively, demonstrating the enhanced 
ECSA of Pt-Ni BNCs with increasing Ni con- 
tent. TEM images of Pt-Ni BNCs with varying 
Ni contents demonstrate the increased poros- 
ity with increasing Ni/Pt ratio (fig. S13), in 
agreement with the larger ECSA values. 
We also measured the ECSA from the electro- 
oxidation of CO (CO stripping), given the sensi- 
tive nature of the Pt-alloyed surface, because 
the ECSA derived from the Hypp method would 
be lower than the real values because of the 
weakened binding interaction caused by the 
alloying effects (the ECSA obtained from the CO 
stripping should be unaffected, fig. S14). The 
ECSA values of Pt/C and PtNi-BNCs/C ob- 
tained from the CO stripping are 56.7 and 
101.5 m? gp, ’, respectively; thus, the ECSAco/ 
ECSApupp ratio measured for Pt/C was equal to 
1 but was 1.49 for PtNi-BNCs/C, verifying the 
formation of a Pt-skin structure of PtNi-BNCs 
(4, 26). Figure 3, B and C, shows the linear sweep 
voltammetry (LSV) curves and Tafel plots, re- 
spectively, of Pt NWs/C, PtNi-BNSs/C, PtNi- 
BNCs/C, and the commercial Pt/C reference. 
The smaller Tafel slope obtained for PtNi- 
BNCs/C (54 mV decade™*) as compared with 
that of the other samples demonstrates the en- 
hanced kinetics for the ORR. The mass and spe- 
cific activities of Pt NWs/C (1.02 A mgp; | and 
2.20 mA cmp; ”) and PtNi-BNSs/C (1.89 A mgp, * 
and 4.34 mA cmp; ”) at 0.9 V [versus reversible 
hydrogen electrode (RHE)] were much higher 
than those of the Pt/C reference (0.21 A mg; * 
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and 0.36 mA cm ; ”). Furthermore, PtNi-BNCs/C 
shows mass and specific activities of 3.52 Amgp;* 
and 5.16 mA cmp; °, which are respectively ~17 
and ~14 times higher than those of the Pt/C 
reference. In general, the catalytic performance 
was enhanced with increasing Ni/Pt ratio, 
which can be ascribed to the higher amount of 
exposed active sites achieved by Ni leaching 
(fig. S12). The inferior ORR activities of Pt,Ni,- 
BNCs/C and PtNij-BNCs/C were ascribed to 
the structural collapse upon excessive Ni dis- 
solution (fig. S13). 

To further corroborate the ORR performance 
obtained at the RDE level, practical H»-air and 
air-breathing PEMFC tests were conducted (fig. 
$15) with fuel cells containing PtNi-BNSs/C 
and PtNi-BNCs/C at a loading of 0.15 mg cm 
as a cathode catalyst material. The H.-air fuel 
cell of PtNi-BNCs/C delivers a current density of 
1.5 Acm~ at 0.6 V and achieves a peak power 
density of 920 mW cm ® (Fig. 3E), outper- 
forming the PtNi-BNSs/C-based (1.0 A cm? 
and 770 mW cm”) and Pt/C-based (0.8 Acm 
and 600 mW cm”) systems. Considering com- 
parable Pt loadings, this performance is among 
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the best reported performance for Pt-based cat- 
alysts (table S1). In addition, the air-breathing 
PEMFC operated at room temperature and 
ambient pressure exhibited a current den- 
sity of 170 mA cm” at 0.6 V, compared with 
100 mA cm” for Pt/C, resulting in an improve- 
ment of 70% (fig. SI5SE). The H,-air and air- 
breathing PEMFCs were stably operated at a 
constant working voltage of 0.6 V for at least 
180 hours with a negligible decay (<3%) of 
the output current densities (Fig. 3F). 


Structural changes under 
electrochemical operation 


To evaluate the stability under better defined 
conditions, Pt/C, PtNi-BNSs/C, and PtNi-BNCs/C 
were subjected to continuous cycling for 
20,000 cycles between 0.6 and 1.1 V in an O.- 
saturated 0.1 M HCI1O, solution. The ORR per- 
formance variations recorded every 4000 cycles 
show that the mass activity and ECSA of Pt/C 
declined by 61.9 and 59.4%, respectively, and 
the half-wave potential shifted by 54 mV to 
more negative values compared with that of 
the fresh sample (Fig. 4, A and B). By contrast, 
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Fig. 4. Durability performance of various catalysts. (A, C, and E) LSV evolutions. The insets show the CV 
variations. (B, D, and F) Mass and specific activity evolutions for Pt/C [(A) and (B)], PtNi-BNCs/C [(C) and 
(D)], and PtNi-BNCs/C [(E) and (F)] before and after the durability test for various potential-scanning cycles. 
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the high durability of PtNi-BNSs/C was evi- 
denced by the much smaller loss in mass activ- 
ity and ECSA by 13.7 and 9.4%, respectively, 
along with a 6-mV negative-shifted half-wave 
potential (Fig. 4, C and D). The PtNi-BNSs/C 
sample became hollow and porous after the 
stability test through electrochemical leaching 
(dealloying) (fig. S16, A to C), whereas the 
bunched architecture was destroyed to some 
degree compared with PtNi-BNCs/C. These re- 
sults suggest a strong chemical difference be- 
tween electrochemical dealloying and chemical 
etching, because structural collapse and Ni 
leaching caused substantial performance loss 
of PtNi-BNSs/C (fig. SI6D). Comparatively, the 
performance loss of PtNi-BNCs/C is negligi- 
ble, even after the prolonged durability test 
for 50,000 cycles (Fig. 4, E and F). The mass 
activity and ECSA only dropped by 1.3 and 
1.1%, respectively, after the durability test 
compared with that of the fresh one, demon- 
strating the robustness of PtNi-BNCs/C as 
an ORR electrocatalyst. The composition and 
structure of the PtNi-BNCs/C catalysts after 
the durability test were further investigated. 
The hollow and core-shell (Pt-rich surface) 
structures of PtNi-BNCs/C were retained 
during the durability test (fig. S17), and TEM- 
EDS results revealed that Ni loss was negli- 
gible (fig. S18). The Pt-skin structure may 
have protected the electrocatalysts against 
further Ni leaching from the inner region of 
the wall. 
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We probed the dynamic changes in oxida- 
tion state and local coordination environment 
at ORR-relevant potentials by in situ XAFS. 
Figure 5A shows the potential-dependent 
Pt-L edge x-ray absorption near-edge spectra 
(XANES) of PtNi-BNCs/C, emphasizing the 
metallic state of Pt at applied potentials of 
0.54, 0.7, and 0.9 V (versus RHE). A 5-nm Pt/C 
(TECIOE50E-HT) reference was used for com- 
parison to reduce the influence of the size ef- 
fect. For comparison, the Pt-L; edge XANES of 
PtNi-BNSs/C is depicted in fig. S19. The nor- 
malized white-line intensities (Uporm) at the 
Pt-L3 edge increased with increasing applied 
potentials because of the chemisorption of 
surface oxygenated species (Fig. 5B) (27, 28). 
The trends in Unorm With potential differed be- 
tween the catalysts and were used to under- 
stand the mechanistic origins of ORR activity 
(29). At 0.54 V, both PtNi-BNCs/C and PtNi- 
BNSs/C showed a higher Unorm than Pt/C, 
probably because of the chemisorption of 
*OH and/or *O species in the double layer 
region (30). With an increase of the potential 
to 0.7 V, the increase of Unorm [i-e., Alnorm 
(0.7_0.54 V) = norm (0.7 V) — norm (0.54 V)] 
was larger for PtNi-BNSs/C and smaller for 
PtNi-BNCs/C in comparison to the change 
for Pt/C. When the potential was increased 
to 0.9 V, anegligible Aunorm (0.9_0.7 V) was 
seen for PtNi-BNSs/C and PtNi-BNCs/C rela- 
tive to Pt/C (Fig. 5, B and C). Together, PtNi- 
BNSs/C showed an initially higher Aunjorm 
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Fig. 5. In situ XAFS and XANES analysis. (A) In situ Pt-L3 edge XANES spectra for PtNi-BNCs, with an enlarged 
view of the area marked by the green square. (B) In situ potential-dependent normalized white-line peak 
intensities [11(E)norm]. (©) Au-XANES spectra (0.9_0.7 V) of PENi-BNSs and PtNi-BNCs. (D) First-shell EXAFS fitting 
in R space for spectral data at 0.54 V. FT[k*x(k)], Fourier-transformed k*-weighted EXAFS. Exp., experimental. 
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from 0.54 to 0.7 V and subsequently an in- 
hibited Aunorm from 0.7 to 0.9 V relative to that 
of Pt/C, similar with previous reports (28, 30). 
However, PtNi-BNCs/C only showed a higher 
Unorm at 0.54 V and subsequently the sup- 
pressed Aunorm Over the whole range of 0.54 
to 0.9 V compared with that of PtNi-BNSs/C 
and Pt/C. Thus, the in situ XANES charac- 
teristic of PtNi-BNCs/C may partly account 
for its particularly high ORR activity and du- 
rability through the inhibition of strongly 
bonded oxygenated species from 0.54 to 0.9 V 
relative to Pt/C and PtNi-BNSs/C. 

The fitted extended x-ray absorption fine 
structure (EXAFS) spectra conducted at 0.54 V 
(Fig. 5D, figs. S19 to S21, and tables S2 to S5), a 
potential in the double-layer region with the 
minimum interference from the adsorption of 
*OH and/or *O species, showed bond lengths 
of Pt-Pt (BLp;-p,) and coordination numbers of 
Pt-Ni (CNp;-ni) in the PtNi-BNCs/C (BLp;p; = 
2.69 A; CNp:-ni = 0.6), PtNi-BNSs/C (BLpt-pt = 
2.71 A; CNpeni = 1.0), and Pt/C (BLp:.p: = 2.76 A). 
The evidently shorter BLp;_p; for both PtNi- 
BNCs/C and PtNi-BNSs/C than that for Pt/C 
could be well ascribed to the smaller size of 
Ni atoms compared with Pt thus inducing the 
global stress for PtNi-BNCs and PtNi-BNSs. 
However, compared with PtNi-BNSs/C, PtNi- 
BNCs/C exhibited a slightly smaller CNpyni 
but a slightly shorter BLp;.p;, which indicated 
an additional source of strain, presumably in- 
duced by structural defects, as demonstrated 
in arecent report (7). Additionally, the fitting 
results of EXAFS at 0.9 V revealed the absence 
of a definite Pt-O path for both PtNi-BNCs/C 
and PtNi-BNSs/C (tables S3 and S5), despite 
a clear electrochemical adsorption of oxy- 
genated species on their surface. This lack 
of a Pt-O scattering peak in the EXAFS spec- 
tra for both PtNi-BNCs/C and PtNi-BNSs/C 
agrees with their XANES results and may be 
correlated with the surface disorder produced 
by the defects (steps and grain boundaries; 
see TEM analysis) and the corresponding 
disturbance to interfacial water structures 
(28, 30). 

Interestingly, TEM examinations after the 
ORR stability test showed a nearly hollow 
structure but irregular shape for PtNi-BNSs/ 
C, whereas dimensionally uniform hollow 
structures were observed for PtNi-BNCs/C 
(figs. S16 and S17). The differences in hollow 
microstructures between PtNi-BNSs/C and 
PtNi-BNCs/C were likely caused by the dif- 
ferent corrosion methods for the Ni disso- 
lution and the accompanied restructuring, 
that is, a moderate acid corrosion for PtNi- 
BNCs/C versus an electrochemical corrosion 
for PtNi-BNSs/C. Expectedly, these micro- 
structural differences induced the distinct 
density and distribution of defects and cor- 
related microstrain on the surface of cata- 
lysts, causing different electrocatalytic in situ 
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Fig. 6. Disentangling the correlation of lattice strain and ligand effects on the d-band center, and the 
atomic O adsorption energy from DFT calculations. (A) DFT-determined correlation of d-band center and 
atomic O adsorption energy with the compressive lattice strain of Pt(111) facet. R°, coefficient of determination. 


(B) DFT-determined correlation between the d-band cen 


ter and the generalized coordination number of surface 


Pt atoms of various Pt(hk/) planes. (©) DFT-determined correlation of atomic O adsorption energy with d-band 


center of surface sites. Pt(211)-B and Pt(311)-B denote th 


e bridge sites of Pt(211) and Pt(311) planes, respectively. 


(D) Illustration of the synergistic effects derived from both the lattice strain and ligand effects in the catalysts. 


XANES and EXAFS behaviors between PtNi- 
BNSs/C and PtNi-BNCs/C. Specifically, the 
irregular hollow structures in PtNi-BNSs/C 
easily created local overstrained domains that 
undermined the electrochemical stability of 
PtNi-BNSs/C to some extent, whereas the di- 
mensionally uniform hollow structures in PtNi- 
BNCs/C were observed to be stable under the 
conditions we investigated. Thus, our work sug- 
gests that the fine regulation of microstructures 
by tailored synthesis could produce electro- 
chemically durable hollow-structured ORR 
catalysts, although discrete hollow particles 
are generally less stable because of their high 
free energy. 


Theoretical studies 


On the basis of these experimental data, we 
performed density functional theory (DFT) 
calculations to understand the high ORR per- 
formance of PtNi-BNCs, using Pt,Ni-skin and 
Pt,Ni-skin models (Fig. 6). It is generally 
accepted that the atomic O adsorption energy 
AE: can be used to evaluate the ORR activity, 
and the optimal value of AEo: is ~0.2 eV weaker 


lated by the d-band center (labeled as €,) of 
Pt, whereas the downshift or upshift of eg is 
tuned by surface lattice strain (noted as y) and 
coordination environment (coordination num- 
ber, noted as CN) (32-34). High-index crystal 
facets such as Pt(211) and Pt(311) exhibit a 
compressive lattice strain (x) relative to Pt(111), 
which brings a downshift of €g of surface Pt 
atoms and weakening of AEp:. Herein, DFT 
calculation is focused on investigating the 
synergistic effect of y and CN on €q, and 
finally on AEo:, and the correlations between 
them (Fig. 6, A and B). Figure 6C corroborates 
that the Pt,Ni-skin has higher ORR activity 
than the Pt,Ni-skin, but activities of both are 
substantially improved relative to that of 
Pt(111). AEo: values are 0.17 and 0.11 eV weaker 
on Pt,Ni- and Pt;Ni-skin, respectively, than on 
Pt(111), which are near the optimal AE>. value 
(table S6). Both skins have a 2.5% compressive 
lattice strain (fig. S22 and table $7). The bridge 
sites of Pt(211) and Pt(311) have a stronger 
O binding than those on Pt(111), whereas the 
hexagonal close-packed sites of them adsorb 
O slightly less strongly. For the ORR that 


than the one for Pt(111) (5, 32). AEp« is modu- 


Tian et al., Science 366, 850-856 (2019) 


happened at the electrode surface in aqueous 
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solution, the bridge sites of high-index crystal 
planes are preferentially occupied by water 
molecules, and the other sites account for the 
observed high ORR activity (figs. S23 to S26). 
In addition, the determined potential energy 
profiles demonstrate that Pt,Ni-skin has a 
lower overpotential for ORR than Pt;Ni-skin 
and Pt(111) (fig. S27 and table S8). On the basis 
of the above analysis, we propose that the 
synergistic effects of strain and coordina- 
tion environment, incorporation of Ni, and 
the appropriate Pt/Ni ratio provide a properly 
weakened Pt-O binding strength, thus lead- 
ing to the superior ORR activity of PtNi-BNCs 
(Fig. 6D). Furthermore, DFT calculations were 
also conducted to gain insight into the high 
stability of PtNi-BNCs (fig. S28). The binding 
energy of the surface Pt atoms in Pt,Ni- or 
PtsNi-skin models is higher compared with 
that of other [Pt(111), Pt(211), and Pt(311)] 
models, indicating higher stability of the Pt- 
skin structures under the condition of lattice 
strain and coordination environment. Also, it 
was found that the required activation energy 
for the spillover of surface Pt atoms is sub- 
stantial, indicating that dissolution of surface 
Pt atoms is kinetically prohibited for Pt-skin 
structures, even in the presence of oxygen ad- 
sorbates (table S9). The above results agreed 
well with the observed robust structure of our 
catalyst during the durability test. 


Discussion 


We prepared bunched Pt-Ni NCs and demon- 
strated that they are efficient and durable ORR 
electrocatalysts for fuel cells. The as-obtained 
bunched Pt-Ni alloy NCs showed high mass 
and specific activities of 3.52 A mgp, ' and 
5.16 mA cmp; ”, respectively, which are 16.8 times 
and 14.3 times higher than those of a commer- 
cial Pt/C catalyst. Our catalyst also exhibited 
robust stability with negligible activity decay 
even after 50,000 potential-scanning cycles. The 
H.,-air fuel cell assembled by this Pt-Ni catalyst 
achieves a peak power density of 920 mW cm” 
and delivers a current density of 1.5 Acm? at 
a voltage of 0.6 V for at least 180 hours, dem- 
onstrating the great potential for practical 
application. In situ XAFS, theoretical calcula- 
tion, and experimental results reveal that 
such excellent performance could be ascribed 
to the integration of a hollow structure and 
dimensional architecture in the bunched Pt- 
Ni alloy NCs. This work provides an effective 
strategy for the rational design of Pt alloy 
nanostructures and will help guide the future 
development of catalysts for their practical 
applications in energy conversion technologies 
and beyond. 
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Widely tunable compact terahertz gas lasers 


Paul Chevalier’, Arman Amirzhan’, Fan Wang’, Marco Piccardo’, Steven G. Johnson*“, 


Federico Capasso**, Henry O. Everitt®®* 


The terahertz region of the electromagnetic spectrum has been the least utilized owing to inadequacies 
of available sources. We introduce a compact, widely frequency-tunable, extremely bright source of 
terahertz radiation: a gas-phase molecular laser based on rotational population inversions optically 
pumped by a quantum cascade laser. By identifying the essential parameters that determine the 
suitability of a molecule for a terahertz laser, almost any rotational transition of almost any molecular 
gas can be made to lase. Nitrous oxide is used to illustrate the broad tunability over 37 lines spanning 
0.251 to 0.955 terahertz, each with kilohertz linewidths. Our analysis shows that laser lines spanning 
more than 1 terahertz with powers greater than 1 milliwatt are possible from many molecular gases 


pumped by quantum cascade lasers. 


he problem of generating terahertz- 

frequency radiation (0.3 to 3.0 THz)— 

in the middle of the electromagnetic 

spectrum between the microwave region 

and the infrared (IR) region—has chal- 
lenged researchers for decades. Not only 
would wireless communications and radar 
benefit from operating in the terahertz region, 
because of appealing characteristics such as 
high bandwidth, high spatial resolution, com- 
pact size, and/or adjustable atmospheric propa- 
gation (2), but so would applications requiring 
stable local oscillators, such as spectroscopy 
and astronomical observations of the inter- 
stellar media. Among the many techniques 
developed to generate terahertz radiation, the 
most widely used (2) include harmonic mul- 
tipliers of tunable microwave sources (3), 
vacuum electronics (backward-wave oscillators, 
gyrotrons, and carcinotrons) (4), supercon- 
tinua generated by ultrafast lasers and photo- 
conductive switches (5), and difference-frequency 
mixing of tunable continuous-wave lasers 
(6-8). Commercial versions of each of these 
terahertz sources are becoming increasingly 
available and powerful, but none of them 
produce much power near 1 THz, and their 
cost and idiosyncrasies have prevented wide- 
spread adoption. Terahertz quantum cascade 
lasers (9) are compact and can span portions 
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of the region, but they currently have limited 
fractional tunability (<25%) and operate below 
room temperature (10, 17). 

Often overlooked is one of the earliest 
sources of terahertz radiation, optically pumped 
far-infrared (OPFIR) lasers (12). These gas- 
phase lasers use a discretely line-tunable car- 
bon dioxide (CO,) laser to excite a specific 
rotational-vibrational (ro-vibrational) transi- 
tion in a specific molecular gas to create a 
rotational population inversion within a tun- 
able cavity. These lasers generate appreciable 
power (up to 100 mW) and exhibit a narrow 
linewidth (Av < 10 kHz), a combination of 
features that is not available with most other 
terahertz sources. However, OPFIR lasers are 
inefficient, large (~1 m), and require an equally 
large CO, laser and high-voltage power supply. 
Moreover, they are poorly tunable, requiring 
the laser gas and CO, laser line to be changed 
each time a different frequency is needed. Con- 
sequently, OPFIR lasers fell from widespread 
use when other sources became available. 

Here, we introduce an OPFIR laser concept 
characterized by frequency tunability over the 
entire range of rotational transitions from the 
molecular gas gain medium. Broad terahertz 
tunability is made possible by using a contin- 
uously tunable mid-IR pump source, the quan- 
tum cascade laser (QCL) (13). A tunable QCL 
can optically pump almost any ro-vibrational 
transition J;—Jy of almost any molecule, 
thereby promoting population from lower 
level J, into a virtually empty excited vibra- 
tional level (Fig. 1A). Sufficient pumping of 
upper level Jy by the QCL inverts the ro- 
tational transition Jy—Jy - 1 and induces 
this “direct” transition to lase at frequency 
v = 2BJy, where B is the rotational constant 
of the molecule. The rotational quantum 
number Jj, is selected by the type of ro- 
vibrational transition excited by the QCL: 
for P-, Q-, and R-branch transitions, Jy = Jy, - 
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1, JL, and Jz, + 1, respectively. With sufficient 
QCL power, it is also possible to induce the 
“refilling” transition Jj, + 1—J,, to lase, ef- 
fectively doubling the number of laser lines 
for a given molecular gas. 

The QCL-pumped molecular laser (QPML) 
is a universal concept: Almost any rotational 
transition from any molecule with a permanent 
dipole moment and a vapor pressure can be 
made to lase if a QCL can be precisely tuned 
across one of its IR bands. Terahertz lasing was 
recently reported on several NHz transitions 
near 1.0 THz (/4), but we show theoretically 
and experimentally that the QPML tuning range 
can be much broader, a 200% fractional tun- 
ability covering the entire span of a molecule’s 
rotational spectrum, whose frequencies have 
been tabulated in several catalogs (15-17). The 
tuning range for several simple molecules (OCS, 
N.O, CH3F, HCN, and CO) is illustrated in Fig. 
1B. Because B is inversely proportional to a 
principal moment of inertia of the molecule 
(8, 19), a low moment of inertia molecule like 
CO has sparser spacing, a broader tuning range, 
and a peak emission intensity at a high fre- 
quency, whereas a higher moment of inertia 
molecule like OCS has a denser spacing, a nar- 
rower tuning range, and a peak at a lower fre- 
quency. The number of available transitions 
increases as the molecular symmetry decreases 
and molecular mass increases. 

Our comprehensive, physics-based multilevel 
model of the dominant collisional processes 
shows that OPFIR lasers operate most effi- 
ciently in compact cavities, with volumes more 
than 1000-fold smaller than conventional cav- 
ities (20-23). Our compact QPML configu- 
ration (Fig. 2A) includes aspects of the cavity 
design previously reported (20, 22): a 5-mm- 
diameter, 15-cm-long evacuated copper tube 
into which is inserted a copper rod rear re- 
flector with a curved face that can be longi- 
tudinally scanned until the cavity mode overlaps 
the gain profile. The output coupler is a 1-mm- 
diameter pinhole in a flat front plate through 
which both the QCL and QPML beams prop- 
agate. The IR beam from the QCL is focused by 
a 15-cm-focal-length lens through a Brewster- 
angled ZnSe window to maximize power into 
the cavity (typically ~85%), while the terahertz 
beam diffracts through the pinhole and is re- 
focused into a room-temperature power meter, 
a Schottky-diode detector, or a receiver operat- 
ing in the frequency band of interest. 

For a given QCL pump power, the terahertz 
power achievable by this room temperature 
laser depends on several factors. To ascertain 
the potential of a given molecular gas as a 
QPML, consider first the very low-pressure re- 
gime in which molecular collisions with the 
chamber walls occur more frequently than any 
intermolecular collisions, so a simple three-level 
model captures the salient behavior. Given that 
the ~1-MHz QCL linewidth (24) is much less 
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Fig. 1. Universality of the quantum cascade laser-pumped molecular laser. 
(A) Diagram showing the rotational levels of a molecule for the ground and 
excited vibrational states. The red arrows illustrate R-branch transitions J, Jy 
responsible for the IR absorption spectrum whose strength depends on the 
population of each J,. The blue arrows indicate lasing transitions at frequencies 
corresponding to an inversion between two rotational states in the excited 
(“direct”) or ground (“refilling”) vibrational level. The frequency of the laser 
emission increases with increasing J,. (B) Plot showing the QCL-pumped 


than the ~50- to 150-MHz Doppler width of the 
IR molecular transition, a simple expression 


(25) gives the QPML power 
T (vruz\ ( oR 
Pry, = Pi P, 
nin =F (“B*) (2%) Poa - Pol 
= nPact — Puan] (1) 


and identifies the essential parameters on 
which it depends at frequency vyy,. Here, 
Gyr is the IR absorption coefficient of the gas 
molecule at the frequency vjz to which the 
QCL is tuned, o,¢y captures the losses of the 
cavity, Pact is the QCL pumping power, and 
T is the front window transmission coefficient 
for the terahertz output. For our pinhole coupler 
with vry, > ¢/270,T = (To /Been)”s where Reen 
is the cavity radius and 79 is the radius of the 
output coupler. Combined, the factors before 
the square bracket in Eq. 1 constitute the 
power efficiency n of the QPML. The lasing 
threshold 
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VIR 
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depends on many of the same parameters, as 
well as the average absolute molecular velocity 
u and the transition dipole matrix element of 
the rotational transition (Jy — 1|p|Jy). As ex- 
pected, the threshold increases with increas- 
ing cavity loss, but the dependence of Pi, on 
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transitions in 20 mTorr of 


fluoride (CH3F), hydrogen 


cell radius is more subtle because of the strong 
increase Of Oey With decreasing Rey due to 
ohmic loss (26) experienced by the modes of the 
hollow metal cavity. The threshold decreases for 
increasing dipole moment and decreasing vyp, 
indicating that terahertz lasing is favored for 
strongly polar molecules with low frequency 
vibrational modes. 

Equation 1 shows that the maximum power 
achievable by the QPML, often known as the 
Manley-Rowe limit (27), is determined by the 
ratio of the terahertz laser and IR pump 
frequencies vry,/Vrp. Any vibrational band 
may be pumped by the QCL, but this Manley- 
Rowe limit (27) also recommends low frequency 
vibrational modes pumped by long-wavelength 
QCLs. Currently, more powerful QCLs are avail- 
able at higher frequencies, so the selection of 
which vibrational mode to excite must be deter- 
mined by its absorption strength, the Manley- 
Rowe factor, and the available QCL power. 

Moreover, the Manley-Rowe factor indicates 
that the maximum power of the QPML grows 
with increasing laser frequency for a given QCL 
and vibrational band, in great contrast with 
electronic sources. This Manley-Rowe effect is 
tempered by the pressure-dependent popula- 
tion 7;,, manifested in the IR absorption term 
Qyr, available for the QCL to excite. One may 
simply look at the IR spectrum of a molecule 
to estimate how the power of the correspond- 
ing terahertz laser will depend on J. However, 
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molecular laser tuning range and power predicted by the simple model for direct 


various molecular gases in a compact cylindrical cavity 


pumped by a 0.25-W QCL: carbonyl sulfide (OCS), nitrous oxide (N20), methyl 


cyanide (HCN), and carbon monoxide (CO). The arrow 


indicates the laser transition corresponding to a pump transition from the 
rotational level with maximum population, illustrating how the Manley-Rowe 
effect skews the peak power to higher frequency. Also listed is the QCL tuning 
range required to pump the associated R-branch transitions. 


the predicted power (Eq. 1) is proportional to 
the product of oyg and vyy,/Vip, and Fig. 1B 
confirms that the peak power occurs when 
the QCL pumps a transition with higher J, 
than the peak of the IR band (where 7, is max- 
imum) because of this Manley-Rowe effect. 

The simple model of Eqs. 1 and 2 captures 
the molecular and cavity parameters essential 
for ascertaining how a given molecular gas 
will perform as a QCL-pumped terahertz laser. 
Table 1 and Fig. 1B summarize these behaviors 
for several candidate polar molecules, sorted 
by threshold pump power. The oblate symmet- 
ric top NHz has recently been reported as a 
low threshold QPML near 1 THz (74), and the 
simple model reveals high power efficiency 
and large output power from many of these 
pure inversion transitions (25). However, the 
other molecules offer much greater tunability, 
in both range and spacing, and those with large 
Orr (NH3, CH3F, OCS, N.O, and CO) exhibit 
many lines with powers above 1 mW. 

Because the simple, three-level model in Eqs. 
land 2 is only valid at very low pressures where 
there is no collisional quenching of the laser 
inversion, Py, is predicted to increase linearly 
with increasing pressure (through oyR). This 
best-case approximation fails at higher pressures 
when intermolecular dipole-dipole, rotational- 
state randomizing, and velocity-randomizing 
collisions dominate the laser performance and 


quench the inversion in a manner that depends 
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Fig. 2. Experimental setup and results for the N20 


(A) Experimental setup: IR light from a widely tunable QCL is tuned to pump a 
ro-vibrational transition and create a rotational population inversion. Light from 
the QCL is deflected by a 90%-10% beam splitter (BS) and transmitted through 
so that the QCL may be tuned into coincidence with the vibrational 

transition by minimizing the transmitted intensity measured using a photodiode 
(PD). Light is coupled into the laser cavity through a ZnSe window at Brewster's 


a gas cel 


angle and through a pinhole coupler in the cavity. A v: 


sensor, and gas reservoir are used to set the pressure in both the laser 
cavity and gas cell. The radiation emitted from the pinhole of the QPML is 


collected with the off-axis parabolic mirror (OAP), foc’ 


lens, and measured by a power meter, a detector, or a receiver that uses a 


frequency-multiplied local oscillator (LO) mixed with t 


on collision cross sections that may not be known. 
We have previously reported a comprehensive, 
multilevel model that thoroughly captures 
these behaviors, finding that the IR-to-terahertz 
photon conversion efficiency of an optimized 
CH3F OPFIR laser may exceed 30% (23). This 
model has been adapted to predict the per- 
formance of QPMLs as a function of Pacy, and 
pressure (25). 

To illustrate the performance and tunability 
of a compact QPML, we chose nitrous oxide 
(NO), whose vz vibrational mode falls within 
the 2119 to 2342 cm tuning range of our 
320-mW QCL. The spacings of the N,O lasing 
transitions are ~2By,9 = 25.1 GHz, and the fre- 
quency span over which this QPML may be 
tuned is ~1.5 THz. QCL frequency tuning was 
accomplished by monitoring the IR signal 
transmitted through a separate 15-cm gas cell 
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molecular laser. 


acuum pump, pressure 


used through a Teflon 


he signal to produce the 


containing 50 mTorr of N,O using a HgCdTe 
detector. The QCL frequency was tuned by 
precise temperature control until molecular ab- 
sorption minimized the transmitted IR power 
(Fig. 2A). Here, we will refer to lasing transi- 
tions (both direct and refilling) by the quan- 
tum number Jz, of the lower level drained by 
the IR pump. 

We observed lasing for all 29 direct lasing 
transitions (Fig. 3A), as well as eight refilling 
transitions (Fig. 3B), between 0.251 and 0.955 
THz (corresponding to 9 < J, < 37) by excit- 
ing each R-branch vz ro-vibrational transition 
over a QCL tuning range of 2231 to 2250 cm”. 
Refilling transitions and direct transitions 
corresponding to the same Jz, exhibit slightly 
different frequencies owing to different B rota- 
tional constants for the ground and excited 
vibrational states. Lasing below 0.251 THz could 
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intermediate frequency (IF) measured by a spectrum analyzer. The pump 
power from the QCL is varied using a wire grid polarizer on a calcium fluoride 
substrate. The laser cavity is tuned into resonance with the lasing frequency by 
moving a copper mirror on a translation stage. (B) The measured output power 
of the QPML is plotted as a function of the IR pump power from the QCL. 

The threshold is Pi, = 70 mW. After accounting for losses in the collection 

of the emitted terahertz radiation, the maximum power is ~0.04 mW, and 

n = 0.2 mW/W at 40 mTorr for the Jy = 15-14 transition at 0.374 THz. Predicted 
(C) and measured (D) QPML normalized laser power as a function of gas 
pressure and QCL pump power for the same direct transition. (E) Emission 
spectrum of the laser (blue line) showing a linewidth of <5 kHz at 0.374 THz, 
corresponding to the Jy = 15-14 transition. The full tuning range of the QPML 
(broad gray feature) is achieved by varying the cavity length. 


not be observed because it occurred below the 
radiation-suppressing cutoff frequency of the 
pinhole output coupler. For most transitions, 
we measured the strength of the laser emis- 
sion as a function of pressure for maximum 
QCL pumping power, and in some cases we 
also measured the laser emission as a func- 
tion of QCL pumping power (see Fig. 2B for 
J, = 14). From these measurements, we were 
able to obtain the threshold power P,, and 
power efficiency n of many laser lines (25), pro- 
viding critical information for ascertaining the 
molecular dipole-dipole and thermalizing gas 
kinetic collisional cross sections needed in the 
comprehensive model (22, 23, 28). 

We also used heterodyne receivers operat- 
ing between 0.300 and 0.775 THz to measure 
the spectrum of these laser transitions (see Fig. 
2E for the recovered line at vyy, = 0.374 THz). 
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Table 1. Predicted QPML power (Eq. 1) and QCL threshold pump power (Eq. 2) for the highest 
power lasing transition of nine candidate laser molecules at 20 mTorr. Assumes a 0.25-W QCL 
pumping through a l-mm-diameter pinhole output coupler into a 5-mm-diameter cylindrical laser 
cavity (loss = 0.06 m“) containing the molecular gas with dipole moment p. With optimized pressure, 
even higher power is achievable (23). 
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Fig. 3. Tunability of the optically pumped N20 laser. Emission spectra of the laser were measured as the 
QCL pump laser was tuned to different IR transitions of No.0. The x axes show the measured emission 
frequency and the associated quantum number J, of the lower level of the pumped R-branch transition. The 
QCL power was maximal (up to 0.25 W coupled in the cavity), and the pressure was 40 mTorr for direct 
transitions and 20 mTorr for refilling transitions. (A) Measured spectra of direct transitions with J, from 11 to 
30. (B) Measured spectra of refilling transitions with J, from 11 to 17. (€) The output power of the laser 
predicted by the comprehensive model (23) using the deduced collisional parameters of N20 and the 
estimated cavity losses, plotted as a function of frequency for the optimal pressure. 


The instantaneous linewidths were <1 kHz, 
but because of frequency jitter the effective 
linewidths were typically 3 to 6 kHz. Other 
measured lines are shown in Fig. 3, A and B, 
over a 200-kHz span. We were able to dem- 
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onstrate frequency tuning of the laser across 
its full Doppler-broadened gain bandwidth by 
precisely adjusting the cavity length with a 
motorized micrometer. The broad feature 
(gray curve) in Fig. 2E envelopes the range 


15 November 2019 


of individual frequencies over which the laser 
was tuned while keeping the pump laser at a 
constant power and frequency. Importantly, the 
QPML frequency was quite stable (routinely 
<10 kHz) while freely running and could be 
made even more stable through active fre- 
quency stabilization of the QCL (29) and the 
laser cavity (30). 

Constrained by these experimental mea- 
surements of terahertz power as a function of 
pressure and pump power, our comprehensive 
theoretical model (23) was able to estimate 
the collisional cross sections and predict the 
optimal performance of the laser. The dipole- 
dipole collisional cross section was estimated 
to be 35 A?, well within the expected range (25), 
while the cavity loss (a = 0.3 m™ at 374 GHz) 
was estimated to be five times higher than the 
theoretical minimum (25). Figure 2, C and D, 
respectively, reveal the excellent agreement 
between the predicted and measured output 
terahertz power for Jz, = 14 as a function of 
NO pressure and QCL pump power. The 
model predicts, and measurements confirm, 
that the optimal and maximum pressure for 
laser operation increases with increasing Jj, 
(25), a consequence of the increasing Doppler 
width of the gain profile with increasing laser 
frequency. 

The comprehensive model was used to 
predict the expected laser power for each 
transition at its optimal gas pressure, and 
Fig. 3C shows that the direct lasing tran- 
sition with maximum power occurs not for 
Jy, = 15, where ny, is largest, but for Jy, = 28 
because of the Manley-Rowe effect. While 
the output power increased as a function of 
the frequency, the signal-to-noise ratio in the 
heterodyne measurement (Fig. 3, A and B) 
was limited by the decreasing efficiency of 
the electronic subterahertz source. An emitted 
power of 69 uW was predicted for the J, = 
14, vruz = 0.374 THz direct transition. 
Although we measured only 10 uW (Fig. 2B), 
our power measurements underestimate the 
emitted power by at least a factor of four, for 
reasons including significant diffraction of 
the emitted terahertz beam beyond the col- 
lection optics, absorption and reflection by 
the ZnSe Brewster window and Teflon lens, 
and use of the power meter at the edge of its 
calibrated range. 

Like traditional OPFIR lasers, QPMLs ex- 
hibit high brightness temperatures 7}, = Ic? / 
(2kviq,Av) > 10*K for laser radiance I = 
1 mW-cm~-sr™ (where & is the Boltzmann 
constant, c is the speed of light, and Av = 1 kHz 
the linewidth). Because our theoretical models 
and experimental demonstrations with N,O 
confirm the universal concept of a terahertz 
molecular laser source broadly tunable across 
its entire rotational manifold when pumped 
by acontinuously tunable QCL, the outlook for 
QPMLs is indeed very bright. 


4 of 5 


6L0Z ‘8z JeqWeAON UO /Hio HewWweouUslos's0uUsI0S//:dy Wo pepeojuMOGg 


RESEARCH | REPORT 


REFERENCES AND NOTES 


1. T. Nagatsuma, G. Ducournau, C. C. Renaud, Nat. Photonics 10, 


371-379 (2016). 
2. R.A. Lewis, J. Phys. D Appl. Phys. 47, 374001 (2014). 
3. A. Maestrini et al., IEEE Trans. Microw. Theory Tech. 58, 
1925-1932 (2010). 


4. J.H.Booske et al., IEEE Trans. Terahertz Sci. Technol. 1, 54-75 (2011). 


5. Y. Shen, P. Upadhya, E. Linfield, H. Beere, A. Davies, Appl. 
Phys. Lett. 83, 3117-3119 (2003). 

6. K. McIntosh et al., Appl. Phys. Lett. 67, 3844-3846 (1995). 

7. \K. Evenson, D. Jennings, F. Petersen, Appl. Phys. Lett. 44, 
576-578 (1984). 

8. M. Inguscio, P. D. Natale, L. Veseth, Comments At. Mol. Phys. 
30, 3 (1994). 

9. R. Kohler et al., Nature 417, 156-159 (2002). 

0. L. Bosco et al., Appl. Phys. Lett. 115, 010601 (2019). 

1. C. A. Curwen, J. L. Reno, B. S. Williams, Nat. Photonics 

0.1038/s41566-019-0518-z (2019). 

2. T. Chang, T. Bridges, E. Burkhardt, Appl. Phys. Lett. 17, 

249-251 (1970). 

3. J. Faist et al., Science 264, 553-556 (1994). 

A. A. Pagies, G. Ducournau, J.-F. Lampin, APL Photonics 1, 

031302 (2016). 

. Gordon et al., J. Quant. Spectrosc. Radiat. Transf. 203, 3-69 

(2017). 

6. JPL Molecular Spectroscopy Database (2017); https://spec.jpl. 
nasa.gov/. 


oa 


Chevalier et al., Science 366, 856-860 (2019) 


17. Splatalogue Database for Astronomical Spectroscopy (2007); 
www.cv.nrao.edu/php/splat/. 

18. C. Townes, A. L. Schawlow, Microwave Spectroscopy (Dover 

Publications, 1995). 

19. W. Gordy, R. L. Cook, Microwave Molecular Spectroscopy 

(Wiley-Interscience, 1984). 

20. H. O. Everitt, D. D. Skatrud, F.C. DeLucia, Appl. Phys. Lett. 49, 

995-997 (1986). 

21. R. McCormick, H. Everitt, F. DeLucia, D. Skatrud, /EEE J. 

Quantum Electron. 23, 2069-2077 (1987). 

22. S.-L. Chua et al., Opt. Express 19, 7513-7529 (2011). 

23. F. Wang et al., Proc. Natl. Acad. Sci. U.S.A. 115, 6614-6619 (2018). 

24. K. Knabe et al., Opt. Express 20, 12432-12442 (2012). 

25. See supplementary materials. 

26. R. Bansal, Fundamentals of Engineering Electromagnetics 

(CRC Press, 2006). 

27. J. Manley, H. Rowe, Proceedings of the IRE 44, 904-913 (1956). 

28. H. O. Everitt, F. C. De Lucia, Adv. At. Mol. Opt. Phys. 35, 

331-400 (1995). 

29. R. M. Williams et al., Opt. Lett. 24, 1844-1846 (1999). 

30. R. L. Crownover, H. O. Everitt, F.C. De Lucia, D. D. Skatrud, 
Appl. Phys. Lett. 57, 2882-2884 (1990). 


ACKNOWLEDGMENTS 


The authors acknowledge F. De Lucia (Ohio State Univ.), T. Goyette 
(U. Mass Lowell), and S. Paolini (Harvard CNS) for helpful advice. 
Funding: This work was partially supported by the U.S. Army 


15 November 2019 


Research Office (W911NF-19-2-0168 and W911NF-13-D-0001) and 
by the National Science Foundation (NSF; ECCS-1614631) and its 
Materials Research Science and Engineering Center Program 
(DMR-1419807). Some of this work was performed at the Harvard 
University Center for Nanoscale Systems (CNS), part of the 
NSF-supported National Nanotechnology Coordinated Infrastructure 
Network (ECCS-1541959). Any opinions, findings, conclusions, or 
recommendations expressed in this material are those of the 
authors and do not necessarily reflect the views of the Assistant 
Secretary of Defense for Research and Engineering or of the NSF. 
Author contributions: H.0.E. conceived of the QPML concept: 
developed the theory with F.W. and S.G.J.; and demonstrated 
its operation with P.C., A.A., M.P., and F.C. All authors contributed 
to the writing of the manuscript. Competing interests: A 
provisional patent application has been filed on the subject of 
this work. Data and materials availability: All data are available in 
the manuscript or the supplementary materials. 


SUPPLEMENTARY MATERIALS 
science.sciencemag.org/content/366/6467/856/suppl/DC1 
Materials and Methods 

Supplementary Text 

Figs. S1 to S8 

References (31-36) 


15 August 2019; accepted 21 October 2019 
10.1126/science.aay8683 


5 of 5 


6L0Z ‘8z JeqWeAON UO /Hio BewWeouUs!Ns's0uUsI0S//:d1y Wo pepeojuMOGg 


RESEARCH 


OPTOELECTRONICS 


Nano-opto-electro-mechanical switches operated 


at CMOS-level voltages 


Christian Haffner’**, Andreas Joerg’, Michael Doderer’, Felix Mayor't, Daniel Chelladurai’, 
Yuriy Fedoryshyn’, Cosmin loan Roman‘, Mikael Mazur®, Maurizio Burla’, Henri J. Lezec®, 


Vladimir A. Aksyuk?, Juerg Leuthold? 


Combining reprogrammable optical networks with complementary metal-oxide semiconductor 

(CMOS) electronics is expected to provide a platform for technological developments in on-chip 
integrated optoelectronics. We demonstrate how opto-electro-mechanical effects in micrometer-scale 
hybrid photonic-plasmonic structures enable light switching under CMOS voltages and low optical 
losses (0.1 decibel). Rapid (for example, tens of nanoseconds) switching is achieved by an electrostatic, 
nanometer-scale perturbation of a thin, and thus low-mass, gold membrane that forms an air-gap 
hybrid photonic-plasmonic waveguide. Confinement of the plasmonic portion of the light to the 
variable-height air gap yields a strong opto-electro-mechanical effect, while photonic confinement of 
the rest of the light minimizes optical losses. The demonstrated hybrid architecture provides a route to 
develop applications for CMOS-integrated, reprogrammable optical systems such as optical neural 


networks for deep learning. 


lectrically reconfigurable photonic net- 
works have the potential to enable tech- 
nological advances in many fields such as 
optical neural networks used to process 
information with low power at the speed 
of light (J), optical metrology to feed multiple 
sensors with a single light source (2), all-optical 
routing to avoid the current bottleneck of 
optical-electrical-optical conversion (3), and 
integrated quantum optical circuits (4). How- 
ever, to make such reconfigurable photonic 
networks practical, they need to be up-scaled 
into large circuits and co-integrated with com- 
plementary metal-oxide semiconductor (CMOS) 
electronics. To achieve this level of scaling and 
integration, the elementary electro-optical switch 
unit needs to feature compact footprints (~1 um”), 
CMOS driving voltages (~1 V), short switching 
times (~1 ns), low optical losses (<0.1 dB), and 
low power consumption (<<1 mW) (5). 
Electro-optical switches typically rely on 
interferometric waveguide configurations to 
divert light to different outputs by means of 
constructive or destructive interference. This is 
achieved by changing the refractive index (A7) 
of the waveguide material. State-of-the-art net- 
works control Az by the electro-thermo-optical 
effect (6); however, the milliwatt power con- 
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sumption per switch limits scalability of this 
approach (3). Furthermore, all-optical (7), phase- 
change (8, 9), and electro-optical (10-13) switch- 
ing approaches show notable results (e.g., compact 
footprint or low loss) but struggle to excel in 
all requirements simultaneously. For instance, 
under a CMOS driving voltage of 1 V, electro- 
optical materials currently yield An < 10~°, re- 
quiring device lengths of >100 um to achieve 
full switching (J0, 73). Resonant approaches 
reduce the footprint by leveraging the high 
finesse of micrometer-sized cavities. Yet, the 
frequency tunability of lowest-loss resonators is 
<50 GHz/V, limiting the switches’ optical band- 
width (13, 14). Moreover, power-hungry stabi- 
lization is required because similar resonance 
frequency shifts occur for single-kelvin temper- 
ature fluctuations (15). 
Opto-electro-mechanical (OEM) switches pro- 
vide an alternative way to control the flow of 
light by mechanically changing the waveguide 
geometry rather than modulating the mate- 
rial’s intrinsic refractive index (16), with wave- 
guide motions leading to local An on the order 
of unity. Because of the strong An, small actua- 
tions suffice to induce large effective refrac- 
tive index changes (A7e¢p). Importantly, OEM 
switches consume negligible amounts of energy 
in stand-by, because the mechanical geome- 
try is controlled by electrostatic forces that are 
not accompanied by static currents. Photonic 
OEM devices have been switched by actuating 
hundreds of nanometer-scale gaps between two 
silicon waveguides, using a remote electro- 
mechanical driver (17, 18). The all-photonic ap- 
proach yields low optical losses (<0.1 dB), whereas 
the large gap size requires high driving voltages 
(>10 V). By contrast, the subwavelength con- 
finement of light (79) in all-plasmonic devices 
enables stronger OEM responses, which reduces 
the drive voltages (20). All-plasmonic switches 
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utilize two metal surfaces to form a tens-of- 
nanometers-wide gap, where light is confined 
and its phase is modulated by electro-mechanical 
actuation of the gap width (27). However, such 
confinement comes with considerable metal 
induced optical losses (~1 dB/uwm) (22), which 
have limited the realization of large-scale 
plasmonic switching networks. 

Here, we introduce a hybrid photonic- 
plasmonic (HPP) OEM technology that benefits 
a strong plasmonic OEM-effect to fully switch 
light with a CMOS-level voltage (~1.4 V), low 
optical losses (0.1 dB), and a compact footprint 
(=10 um”). 

Figure 1A illustrates the dynamic routing 
of light by two nano-OEM (NOEM) switches, 
respectively biased to two different resonance 
states (wavelength i,.;): drop state (foreground 
device, 0 V) and through state (background 
device, 1 V). Incident light (wavelength 9) 
guided in the through port is transmitted 
(ares % Ag) Or dropped (Ares = Ao) depending 
on the individual, bias-dependent i,., of the 
encountered resonant switches. The HPP res- 
onator comprises a thin gold membrane 
partially suspended above a silicon disc forming 
an air gap (%) (see Fig. 1B) (23). The air HPP 
waveguide combines low-loss propagation in 
the silicon waveguide with strong field enhance- 
ment at the metal surface in the gap (24, 25). 
Additionally, gold and silicon form an air 
capacitor able to actuate z) by means of an 
electrostatic force generated by an applied 
voltage (Varive). The gold membrane bending 
(dz) induces a resonance shift (AA,;.;) by chang- 
ing the mode index (Ane) (Fig. 1C). 

Figure 1D indicates that the large tunability 
of the resonance wavelength and dz as small 
as 4 nm already provide AA,<, larger than the 
resonance’s loaded full-width half-maximum 
(FWHM). Low-loss coupling to the drop port 
requires that the waveguide-resonator coupling 
rates are larger than the resonator’s plasmonic 
loss rate (e.g., intrinsic FWHM) (fig. S3) (25). 
Thus, the switching efficiency is limited by the 
ratio of AA;es to the intrinsic FWHM. Ad;es 
exceeds the FWHM by more than an order of 
magnitude when reducing 2o (Fig. 1E). A tun- 
ability of >1 THz/V (>10 nm/V) and a sub- 
nanometer FWHM is achieved for 29 ~ 35 nm, 
enabling a large extinction ratio (ER) and low- 
loss switching (25). 

This strong tuning can be understood by 
separating the OEM effect into its two sub- 
processes. First, the opto-mechanical coupling 
(Gom & dA;yes/dz) increases for decreasing 
gaps because of the plasmonic confinement of 
light to the gap (fig. S2) (25). Thus, more light 
experiences the strong An between air and 
metals upon actuation (26). The gold’s skin 
depth for infrared light is ~25 nm; thus, thin 
and low-mass membranes suffice as high re- 
flectors to concentrate light in the gap. Second, 
the electro-mechanical coupling (Gg, = dz/dV) 
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reaches large values because the voltage, 
which is applied over nanometer-scaled gaps, 
induces strong electrostatic forces (°1/Z9”) 
(fig. $4) (25). 

Furthermore, the dynamics of the NOEM 
switch are determined by its geometrical param- 
eters similar to those of a ruler that extends 
beyond the edge of a table. Shorter suspen- 
sions (i.e., stiffer spring) and a lighter mass 
result in faster ruler oscillations (fes). Here, 
we make the overhang as short and thin as pos- 
sible. The combination of small moving mass, 
large forces, and small mechanical quality (Q) 
factors enables tens of nanosecond switching 
at CMOS driving voltages. 

The fabricated resonators are shown in Fig. 2. 
The drop port was omitted to probe the reso- 
nator’s intrinsic OEM properties. Vertical HPP 
waveguide geometries were uniformly created 
by depositing and selectively removing a sacri- 
ficial alumina layer, by wet-etching to a typical 
undercut value of ~1.1 um. Here, atomic layer 
deposition provides 2 with atomic-level pre- 
cision. The critical feature size is the lateral 
waveguide-disc separation (w > 120 nm), which 
is achievable with low-cost photolithography. 
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The cavity’s intrinsic Q factor (¢¢1/FWHM) 
was measured by varying w (Fig. 2C). At 
critical coupling, Qintrinsic = 2*Qioadea * 7000, 
which translates to propagation lengths and 
losses of 395 + 70 um and 0.01 + 0.002 dB/um, 
respectively (fig. S6) (25). The reason for such 
low plasmonic losses is multifold. First, ohmic 
losses are proportional to the fraction of the 
optical-mode energy penetrating the metal. This 
fraction drops with decreasing permittivity 
of the gap dielectric; air or vacuum provides 
alow dielectric permittivity, minimizing loss 
(fig. S7) (25). Second, excess losses induced by 
typical adhesion layers for gold (27) are mini- 
mized as air exposure oxidizes the 2-nm tita- 
nium adhesion layer used here. Third, the 
interaction of the HPP mode with the gold 
membrane is mostly restricted to the smooth 
metal surface facing the gap, reducing scatter- 
ing losses (28). 

Characterization of the switching capability 
(see Fig. 2D) yields a AA yes > 6 nm, which equals 
five times the FWHM. The nonlinear red shift 
is expected from electro-mechanical effects as 
the growing proximity of the metal membrane 
increases Aner (25). Furthermore, the nonlinear 
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Fig. 1. Operating principle of plasmonic 
NOEM networks. (A) Incident light guided 
in the through port is switched to a drop 
port if its wavelength (Ag) matches the 
node's resonance wavelength (Ares), 
whereas off-resonance (Ares # Ao) light 
continues along the waveguide and bypasses 
the plasmonic resonator, thereby avoiding 
ohmic losses (29). (B) HPP disc resonators 
(radius 2 um) are formed by a thin gold 
membrane suspended above a silicon 

disc forming a gap (Zo). (©) Doped 

silicon and gold bridges are used to apply 
a voltage across the gap, thus inducing 

an electrostatic force that bends the 
membrane and prevents light from 
coupling to the resonator. (D) Through-port 
spectra for various dz. (E) Calculations 
(25) show that Adres increasingly exceeds 
the intrinsic FWHM when reducing Zo. 


dependence allows one to enhance the voltage 
sensitivity of the resonance shift (AA;e</V) to 
=10 nm/V (ie., ~1.25 THz/V) by biasing the 
device with 1 V (25). The demonstrated tuning 
capability enables the compensation of ther- 
mally induced shifts in 1,.,, which are typically 
hundreds of picometers per kelvin (J4, 29). The 
large values of Gom, Gem, and Q factors allow 
reduction of the required actuation distance to a 
few nanometers and, correspondingly, the switch- 
ing time to tens of nanoseconds (see Fig. 3). 
The suspended membrane features a fie; of 
~12 MHz. The small mechanical Q factor and 
the roll-off in modulation at lower frequencies 
is attributed to squeeze-film damping and stif- 
fening; for example, air compression increases 
the stiffness at higher frequencies and smaller 
gaps and thus reduces the actuation (25). This 
effect can be overcome by combining vacuum 
packaging and advanced driving signals (30). 
Figure 3B shows a two-step driving scheme, in 
which the applied drive voltages (I) and (III) 
exceeded the steady-state voltages (II) and 
(IV) at the start of the individual on- and off- 
switching pulses. This resulted in rise and fall 
times of 60 and 100 ns, respectively, where the 
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Fig. 2. False-colored scanning electron 
microscopy images and measured device prop- 
erties. (A) Perspective view and transmission 
spectrum. The small cavity volume results in a free 
spectral range (FSR) of 45 nm. (B) Focused-ion 
beam cross section. Air gaps (Zo) of 35 or 55 nm 
have been realized. Gap length, 600 nm. The inset 
shows a simulated optical field, which is strongest 
in the gap. Enorm, absolute value of the electric 
field; a.u., arbitrary units. (C) ER (blue triangles) 
and loaded Q factor (red circles) versus waveguide- 
disc separation (w) for Zo = 55 nm. The ER peaks at 


Si Waveguide 
a 


: Suspended 
Separation (w) Bridge 


? * 


Ad Disc Si Disc 


=200 nm, indicating critical coupling. (D) Aares o of 
(blue to green) and FWHM (red to yellow) as a e FS 
function of voltage for Z) = 35 nm. The inset 2-10 4onn | ;_<<jjidiididdas cms 
illustrates complete optical switching with 2-20 
a 200-mV difference. For (C) and (D), g 1.5 1.6 
the 95% confidence intervals are approximately s Wavelength [ym] Ty 
equal to the symbol size. Cc 3, a aa 
niet <0 
an 2 
2 $10 V r 
ira E 6 
wi go x |e 
o © 1584 1586 1588 Pe = 
= F Wavelength [nm] _¢ 45 
am rae = 
§ * 2z 
oS ot tad 
c : 
S 0 
to 50 100 150 200 0 0.5 1 1.5 
Separation (w) [nm] Voltage [V] 
Fig. 3. Time dynamics. (A) Modulation response A B 
for a sinusoidal driving signal. The inset shows Squeeze film damping S 
the mode shape of the fundamental mechanical 0 (fron em = 2 MHz) a 
eigenfrequency. k, thousand; M, million. (B) Utilizing : G 
more complex driving signals (red) enables optical oO 45 
(blue) rise and fall times on the order of tens of AoA 
nanoseconds. The optical contrast between on and iS 5 _ 
off state exceeds 90%. i < 
=) = 
ze} = 
(e} je} 1 
oO 1 
-10 53) 1 
100 k 1M 10M Q : 
Frequency [Hz] 0 0.5 1 1.5 2 


difference is due to electrostatic actuation forces 
that are larger than the spring restoring forces. 
The devices were switched with megahertz fre- 
quencies over hours (billions of switching cycles) 
without degradation of the signal quality. The 
estimated electrical power consumption was 
=600 and 12 nW for a peak-to-peak driving 
voltage of 1.4 and 0.2 V, respectively (25). Fur- 
ther optimization could yield fall and rise times 
approaching ~10 ns (fig. S5) (25). 
Subsequently, we performed 1-by-2 switch- 
ing experiments (see Fig. 4A). The through- 
and drop-port transmission spectra are plotted 
in Fig. 4B. Coupling the resonator to the drop 
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port broadens the FWHM (optical bandwidth) 
from ~1 nm (125 GHz) to 2.5 nm (350 GHz) 
(see Fig. 4B). Still, a 14-V driving voltage 
yielded a Adye; (~6.2 nm) that exceeded mul- 
tiple FWHMs. This enabled light routing with 
a cross-talk below -15 dB, drop-port insertion 
loss ULp) of +2 dB, and through-port inser- 
tion loss UZ) of ~0.1 dB (fig. S10) (25). Op- 
timization may further reduce JL; to ~0.01 
dB and ILp to <0.5 GB (fig. S9) (25). This loss 
asymmetry is ideal for applications in N-by-N 
cross-switching grids, where N is any num- 
ber, as envisioned in Fig. 4D. Because light 
experiences JLp only once when propagating 
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Time [us] 


through the network, accumulated losses (i.e., 
path of the red light beam) are dominated by 
through-port loss (i.e., overall loss < 2N-ILy; + 
ILp). This would result in an average loss-to- 
port count ratio of 0.12 dB per port for an 
optimized 15-by-15 network. 

We present devices that challenge the com- 
mon presumption that opto-electro-mechanics 
is a slow and bulky technology that requires 
high driving voltages. We demonstrate NOEM 
switches whose distinct compactness paves the 
way for high-density optical switch fabrics that 
are directly cointegrated with CMOS driving 
circuits. For instance, 200 switches and their 
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Fig. 4. Performance of 1-by-2 NOEMS. (A) Perspective false-colored scanning electron microscopy image 
of two fabricated NOEMS. GND, electrical ground. (B) Measured power spectrum of light coupled to the 
through port (blue) and the drop port (red) under O V (solid) and 1.4 V (dashed) bias. (©) Through-port 
(blue circles) and drop-port (red crosses) transmittance over voltage. (D) Low through-port losses are 
beneficial for switching architectures such as cross-grid networks envisioned here, where light (various 
rainbow colors) only needs to be switched once to a drop port while propagating through a 15-by-15 network. 
In (C), the 95% confidence interval is smaller than the symbol size. Ao, probing wavelength. 


electrical drivers could be integrated on an area 
as small as the cross section of a single human 
hair. Beyond that, the strong OEM interaction 
and low-loss could enable nonresonant func- 
tional units such as phase shifters and intensity 
modulators for purposes such as light detection 
and ranging (LIDAR) applications. The perform- 
ance of phase shifters is typically evaluated by 
the voltage-length product V,,L, which states the 
minimal combination of x phase-shift voltage 
times device length. The HPP prototypes demon- 
strated here already feature a V,,L = 27 + 4 V-um, 
which, in combination with low propagation 
losses (a = 0.026 + 0.006 dB/um), represents 
a substantial improvement over the state-of- 
the-art electro-optical switches (fig. S1) (25). 
These switches could form the building blocks 
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of optical field-programmable gate arrays and 
trigger a technological revolution similar to 
the one enabled over the past few decades by 
electrical field-programmable gate arrays. 
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Highly ductile amorphous oxide at room temperature 


and high strain rate 
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Oxide glasses are an integral part of the modern world, but their usefulness can be limited by their 
characteristic brittleness at room temperature. We show that amorphous aluminum oxide can 
permanently deform without fracture at room temperature and high strain rate by a viscous creep 
mechanism. These thin-films can reach flow stress at room temperature and can flow plastically up 
to a total elongation of 100%, provided that the material is dense and free of geometrical flaws. 

Our study demonstrates a much higher ductility for an amorphous oxide at low temperature than 
previous observations. This discovery may facilitate the realization of damage-tolerant glass materials 
that contribute in new ways, with the potential to improve the mechanical resistance and reliability 
of applications such as electronic devices and batteries. 


norganic oxide glasses show great promise 

for modern electronics, including potential 

uses in optoelectronics, flexible electron- 

ics, photovoltaics, single-electron transis- 

tors, and battery technologies (/-6). These 
glasses allow for a wide range of tailored, 
functional properties, from full dielectrics to 
tuned semiconductors coupled with visible light 
transparency, and good chemical and thermal 
stability. However, in practical terms inorganic 
oxide glasses are considered brittle, which has 
led to the current design paradigm of glass and 
ceramic materials. 

In the thermodynamics of inorganic glasses, 
relaxation mechanisms, such as viscous flow 
and viscous creep, are thought to require high 
temperatures to activate. Viscous flow and 
viscous creep are separated by a notion that 
creep is always activated by external loading in 
addition to thermal activation. Above a certain 
critical temperature, the glass transition tem- 
perature (T,), bulk glass softens to a point 
where relaxation mechanisms activate and 
allow viscosity measurements. Viscosity is the 
proportionality factor of stress needed for a bulk 
glass to flow at a selected speed or strain rate. 
Below T;, creep of an inorganic glass under its 
own gravity slows to the extent that it takes tens 
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of millions of years to detect any permanent 
deformation by viscous mechanisms (7-10). 
Therefore, in practice, we cannot make room 
temperature measurements of glass viscos- 
ity, and an oxide glass below T, is effectively 
considered a solid. The evidence for this lim- 
itation is clear, but the current theory does 
not allow for the possibility of mechanical 
activation by an external stress field gradient, 
such as a gradient that occurs when a mobile 
device with a touch screen is dropped on a 
hard floor. 

Moreover, oxide glasses are believed to be 
brittle at room temperature owing to their lack 
of active plastic deformation mechanisms. Under 
critical elastic load, stress concentrates on the 
most severe preexisting geometrical flaw, lead- 
ing to a sudden, catastrophic failure (77). Never- 
theless, the most profound evidence for plastic 
relaxation occurring in oxide glasses below 7, is 
the simple hardness test. Hardness of a bulk 
glass or any other material is measured from 
the dimensions of a permanent, residual in- 
dent made by a diamond indenter at room 
temperature. Permanent deformation is possible 
in glasses through diffusion-based mechanisms. 
Oxide glasses are known to permanently de- 
form by densification (72) and shear flow (13, 14) 
under contact and hydrostatic loads. However, 
the plastic deformation mechanisms at room 
temperature are believed to be limited to geo- 
metrically confined loading modes, such as bulk 
indentation. It is also believed that brittleness 
always severely limits the use of glass struc- 
tures under more-realistic, unconfined loading 
conditions, such as bending and pulling. Experi- 
mental observations of Al,O; at the nanoscale 
have been mixed: Some measurements show 
prerequisites for plastic deformation at room 
temperature (15-18), whereas others display 
fully brittle behavior (19-21). 
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We provide evidence that, under sufficient 
load, the viscosity of amorphous Al,O3 (a-AloO3) 
thin-films can be measured at room temper- 
ature. Furthermore, the viscous creep mech- 
anism can induce large and fast permanent 
relaxation without substantial thermal activa- 
tion. We consider the inorganic oxide glass to 
be in a supercooled liquid state, even if far 
below T,. Under these conditions, the plastic 
relaxation requires a considerable external 
driving force, but we found that this behavior 
is possible, even within short time scales from 
seconds to nanoseconds. 

We made micromechanical shear-compressive 
(Fig. 1A) and tensile (Fig. 1B) measurements 
and performed atomistic simulations to deter- 
mine the viscosity of defect-free a-Al,O3. The 
viscosity (n) of a-Al,O3 follows a log-log linear 
power rule as a function of the strain rate (€) 
(Fig. 1C). The power rule indicates that as the 
strain rate approaches zero, the viscosity of the 
supercooled liquid approaches infinity, equiva- 
lent to a quasi-solid state as 


lim Na—Al,O3 (€) = 
€->0 


We detected no transition from solidlike to 
liquidlike behavior, and the viscosity must be a 
finite quantity for flow to occur in this super- 
cooled liquid state. There is a strong decrease 
in viscosity as the strain rate increases, and 
notably-low simulated viscosity values were 
measured at simulated strain rates >10° s77. 
Extrapolating the results to very high strain 
rates suggests a 1 Pa:s viscosity for a-Al,O3 at 
room temperature, comparable to glycerol at 
300 K. This indicates that flow stress cannot 
substantially increase beyond the limit needed 
for atoms to diffuse through the glass network, 
which is reflected as a very low viscosity at 
very high strain rates. 

We measured the viscosity during the plastic 
flow at flow stress, which is defined as the stress 
measured after the glass structure yields. No 
contrast changes were detected in the samples 
either during the plastic flow or by ex situ ob- 
servations using transmission electron micros- 
copy (TEM). We believe these observations, 
combined with no evidence for shear bands, 
indicate that the samples remained amorphous 
during the plastic deformation (supplemen- 
tary text, section $2). The simulated plastic 
flow stress in tensile (Fig. 2A) and compressive 
(Fig. 2B) loading agrees closely with the re- 
spective experimental results, and, depending 
on the loading mode, a total strain of up to 
100% can be measured in situ along the loading 
axis without fracture. We were able to visual- 
ly record (Fig. 2, insets) the dynamic plastic 
deformation throughout each experiment in 
addition to comparing the deformation to nu- 
merical data (supplementary text, section S3). 

We detected a fracture only in the experi- 
mental tensile test after 15% of total strain and 
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Fig. 1. Experimental and simulation procedures to measure the 
viscous behavior of a-Al,03 at =300 K. (A) In situ experimental 
shear—compressive setup (supplementary text, section S1) and simulation 
setups for separate shear and compression (comp.) to measure the 
permanent deformation (strain) and flow of a-AlsO3 (sample). Scale bar, 
100 nm. F, force vector. (B) In situ experimental (PTP, Hysitron push-to-pull) 
and simulation setups to measure permanent deformation and flow of 
a-Alz03 (sample) under tension. Scale bar, 1 um. PLD film, pulsed laser 
deposited film. (©) Experimental (expt.; N = 1 sample for each data point) 
and simulated (sim.; N = 6) viscosities (logi9) as a function of strain 

rate (logiq) during plastic flow. Simulated flow stress averaged between 
25 and 50% total strain. All simulations were performed with periodic 
boundary conditions (PBC) to simulate bulk behavior. 


5 to 8% of plastic strain, depending on the in- 
terpretation of the yield stress. We found that 
the fracture occurred in a localized region af- 
fected by ion damage, which is induced to the 
sample during sample preparation (supple- 
mentary text, sections S4 and S5). Ion dam- 
age leads to void nucleation, growth, and 
transformation into a sharp crack at the edge 
of the sample (fig. S6), which eventually induces 
the fracture. 

The scatter of flow stress values at varying 
strain rates is evidence of the time-dependent 
nature of the plastic flow we observed. A strain 
rate-dependent flow stress is typically observed 
for viscoplastic materials (22) and would be 
an important piece of evidence for the viscous 
relaxation mechanisms active in a-Al,O3. The 
force variation we measured during flow stress 
was two to three orders of magnitude higher 
than the nominal noise floor of the force mea- 
surement of the experiment (Fig. 3A), which 
verifies the connection between stress and 
strain rate. When the strain rate was changed, 
the flow stress changed with the proportion 
given by the viscosity of the supercooled liquid, 
and similar behavior was observed in both re- 
peated experiments and simulations (Fig. 3). 
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The lack of contrast change in our TEM ob- 
servations suggests that the cumulative plastic 
deformation was likely driven by homogenous 
diffusion. We used our material model to de- 
termine plausible atomistic mechanisms that 
control the plastic deformation in a-Al.O3 at 
room temperature. The first activated plastic- 
ity mechanism from our model is related to the 
change in the glass density in both tensile and 
compressive loading. The simulated density has 
a permanent reduction under tensile load when 
returning to 1 atm pressure (Fig. 4A). The per- 
manent decrease was by 0.5 to 1.4%, which 
accounts for only 0.9 to 1.5% of the permanent 
elongation (or 0.006 to 0.021 in strain) of the 
model along the axis under tension. The den- 
sity saturates at 20 to 25% of total tensile strain, 
and at higher strains the plastic deformation 
takes place solely by steady-state viscous creep 
(Fig. 4A). We found flow stress saturation at 
~25% of tensile strain (fig. S5A), paralleling the 
density saturation. 

Both plasticity phenomena occur by bond 
switching in our simulations, as shown by the 
evolution of nearest-neighbor bonding in both 
tension and compression as a function of strain 
(Fig. 4B). The interchange and rotation of 
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bonds, with the resulting atomic transloca- 
tion, are fully accommodated without density 
changes, which allows for more versatile de- 
formation in shear and tensile loading modes. 
This is supported by the unchanged coordi- 
nation number, as bond changes during plastic 
flow are predominantly swaps. In other words, 
atoms retain the local environment while chang- 
ing neighboring atoms (Fig. 4B and figs. $23 
and S24). 

The atomistic mechanisms of the plastic 
deformation we measured have both local and 
collective features (supplementary text, sec- 
tion S6). Our simulations [local plastic strain 
D? nin (see materials and methods for detailed 
definition), strain range Ae = 0.01] show sepa- 
rate areas of high and low plastic tensile strain 
that correlate with flow stress data (Fig. 4C, 
panel a). The diffusion of atoms increases when 
the stress decreases, and vice versa (Fig. 4C, 
panel b, and fig. S10). Therefore, plasticity 
in a-Al,Oz occurs when weaker local atomic 
groups are driven to yield by the accumula- 
tion of individual bond-switching events. An 
individual bond-switching event is shown to 
occur at the edge of a locally yielding atom 
group (Fig. 4C, panel c). In this event, the central 
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Fig. 2. Mechanical response of a-Alz03 at room temperature: simulations and experimental data. 
(A) Average simulated (N = 30) and experimental (electron beam on, N = 1) tensile stress as a function 
of strain. Inset | shows the length of the free-standing tensile sample at the onset of elastic contact 
(strain 0.0), and inset Il shows the length of the tensile sample after its fracture from the bottom part 
(scale bars, 500 nm). In the insets, the sample is highlighted with white borders, while another piece of 


the PLD film partially overlaps the sample in the image but does not interact with the sample during the test. 


(B) Average simulated (N = 30) and average experimental (electron beam off, N = 7) shear—compression 
stress as a function of strain, while the inset shows a deformed sample after the test (scale bar, 100 nm). 
Note that the experimental true stress is a compound of mixed shear and compression loading. Simulated 
error bars show the maximum variation (minimum to maximum) measured with different strain rates 
(37.5 x 10° to 6.0 x 10° s), while experimental error bars show standard deviation between samples. 
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Al atom (gold) initially has four oxygen neigh- 
bors with open space next to it. The Al atom 
moves into the open space while replacing one 
oxygen bond with a new one. After this, it moves 
farther and gains two new oxygen neighbors 
that are kept for ~150 ps. The Al atom stays 
bonded to five oxygen atoms until the end of 
loading. This type of bond switching is well 
known to occur in disordered materials (23, 24). 
Over a large cumulative strain, the localized 
plastic strain events vary randomly (movie S1) 
to accumulate an overall homogeneous plastic 
flow across the structure. The distribution of 
the cumulative plastic tensile strain (D’min, 
Ae = 0.5) has intertwined areas of high and 
low D’ min With no large volumes of either (Fig. 
4D; for compression, see fig. S11). This shows 
that the cumulative atomic movement related 
to plastic flow is homogeneous across the struc- 
ture, with momentary large fluctuations. The 
fast relaxation we observed by atomic diffusion 
occurs far below the bulk T, = 973 K (25), which 
is not anticipated by the thermodynamic theory 
of inorganic glasses. 

We considered several potential issues that 
could produce spurious results. Sample heating 
from the electron beam is limited to a maxi- 
mum of 5 K (26), and plastic strain-induced 
adiabatic heating occurs only after yielding 
(supplementary text, sections S7 and S8). Adi- 
abatic heating may contribute to our observed 
flow stress magnitude. Electron beam damage 
can decrease flow stress, as has been observed 
for amorphous SiO, (a-SiOz) (23, 27). We per- 
formed a dedicated mechanical test, in which 
the electron beam was switched off during the 
steady-state viscous creep of the a-Al,O3 thin- 
film (supplementary text, section S9). The flow 
stress level did not change enough when the 
beam was off for us to interpret it as occurring 
outside the normal stress fluctuation caused 
by the dynamic strain rate. We performed mul- 
tiple experiments in full beam-off conditions 
that verified this behavior. Together these ex- 
periments rule out the possibility that the 
electron beam had a substantial effect on the 
experimental test results. Moreover, it is pos- 
sible to induce plasticity in amorphous oxides 
via a “size effect” by substantially increasing the 
ratio of surface atoms to bulk atoms (/8, 24). 
However, our sample dimensions lead to bulk- 
like properties such as 7, and fracture tough- 
ness (supplementary text, section S10). The 
measured Kj. = 3.1 MPa,/m (where Kj, is 
mode I fracture toughness) is similar to typical 
bulk Al,O3. However, because our initial flaw 
size was measured in situ to be sufficiently 
small or nonexistent, the stress field can reach 
a magnitude in which the material yields, even 
at room temperature. We also modified the 
molecular dynamic simulation setup (cell size 
and quenching method) for a-Al,O3 to rule out 
artificial ductility, and we observed no fracture 
(supplementary text, sections S11 and S12). 
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Our results for a-Al,O3 differ from previous 
results obtained for a-SiO, (23, 24, 27). Bulk 
tensile plastic flow has not been observed in 
free-standing membranes or nanowires of 
a-SiO. at ambient conditions (24, 27). Densi- 
fication accounts for 80 to 90% of the mea- 
sured plastic deformation during indentation 
for a-SiO, (initiated between 9 and 13 GPa 
stress, at room temperature) that activates be- 
fore viscous creep (13, 28). Tensile experiments 
with pristine a-SiO. samples under ambient 
conditions have reached only ~5 GPa before 
fracture (24, 27), so finding zero plasticity at 
this stress level is not surprising. A tensile 
fracture is likely initiated by the intrinsic and 
interconnecting cavities (voids, free volume) 
found in the atomic structure of a-SiO, (29), 
which are far more abundant in a-SiO, [65.7 
vol. % (30)] than in a-Al.O3 (8.7 vol. %) (sup- 
plementary text, section S13). The differ- 
ence in cavity volumes is in line with the 
difference in atom densities, as a-SiO. has 
0.066 atoms/A? (31) whereas a-Al,O; has 
approximately 0.096 atoms/A®. The intrinsic 
cavities present in the a-SiO, structure were 
already proposed as the possible origin of 
fracture, in 2003 by Célarié et al. (32). Since 
then, mechanical properties of a-SiO. and 
the presence of cavities have been further 
studied with experiments and simulations 
(24, 27, 29, 30). 

Bond switching is also one potential source 
for mechanical relaxation in a-SiO, (23, 24). 
However, our simulations show 8 to 25 times 
greater potential for bond switching in a-Al,O3 
compared with a-SiO, (24), explaining the 
large plastic strain we observed in a-Al,O3 (sup- 
plementary text, section S11). Under tension, 
the preexisting cavities spatially inhibit bond 
switching from occurring in the a-SiO, struc- 
ture, which likely results in further cavitation 
and fracture at low or zero plastic strain. There- 
fore, the preexisting cavities in the atomic struc- 
ture of a-SiO., coupled with the relatively high 
yield stress, present the most plausible hypoth- 
esis for the cause of tensile brittleness in a-SiOs. 

We conclude that in parallel to flawlessness, 
the other main boundary condition for a-Al,03 
ductility at room temperature is the intrinsically- 
low effective activation energy, which is esti- 
mated to be Q, «1,0, = 117.3+4.5kJ/mol (sup- 
plementary text, section S14), in accord with 
previous observations (33). This leads to plas- 
tic relaxation of a-Al,O3 by a stress gradient, 
because the stress concentrated on any pre- 
existing flaw (of intrinsic or manufacturing 
origin) remains below the critical value needed 
for fracture. Therefore, the flaw distribution 
coupled with the effective activation energy 
establish a criterion under which other in- 
organic oxide glasses may or may not achieve 
similar plasticity. This criterion provides a 
plausible path to find other oxide materials 
with similar ductile behavior and to explain 
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the origin of such behavior. In addition, a high 
Poisson’s ratio measured for a-Al.O3 (16) could 
indicate potential plasticity in other oxides 
as well. Theoretically, there are no restrictions 
to apply the criterion to macroscopic bulk 
glasses. Instead, the challenge appears fully 


technological, given that we lack process- 
ing technology that could produce such flaw- 
free amorphous materials at a macroscopic 
scale. For Al,O3, the challenge is also related 
to the low glass-forming capability. Conven- 
tional melt quench techniques typically fail 
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Fig. 3. Time-dependent flow behavior of a-Al,03 at room temperature: experimental and simulations. 
(A) Experimental flow stress and strain rate as a function of strain from a dedicated in situ TEM shear— 
compression test (electron beam on, N = 1). The strain rate is measured using image correlation, and the 
data are filtered using the Savitzky-Golay method with 22 points of window and a fifth-order polynomial 
with the Origin software (www.originlab.com/). Strain rate varies dynamically during the experimental 
measurement. True stress (GPa) is shown on the left scale, and engineering strain rate (s 2) is shown on the 
right scale. (B) Averaged simulated (N = 6 for each data point) flow stress as a function of the strain rate 
measured and averaged between total strain of 25 and 50%. Error bars show standard deviation. 
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Fig. 4. Plasticity mechanisms in a-Alz03. (A) Average simulated density 
(N = 6) of a-Al,03 during tensile loading, starting from and ending at atmospheric 
pressure (1 atm). (B) Average changes (N = 3) in bonding during tensile 


and compressive loading from 0.0 to 0.5 strain at 37. 
(CN, coordination number). (©) Atomistic mechanism 
plastic deformation in a-Alz03, (a) Momentary distribu 


plastic tensile strain at 0.22 strain, where D* min iS calculated from the 
preceding Ae = 0.01 indicated by gray color in (b), which in addition shows 


the correlation between D?,,,, and flow stress data 


to prevent crystallization of pure Al,O3; suc- 
cess requires a processing method with an 
extreme quenching rate (e.g., pulsed laser 
deposition) or low temperature (e.g., atomic 
layer deposition) to retain the amorphous struc- 
ture. Nevertheless, our results provide much- 
needed insight on the viscous relaxation behavior 


5 x 10° s+ strain rate 
of room temperature 
tion of the local 


N = 1). (c) A single 


to further study the thermodynamic theory of 
supercooled liquids. To improve the theory, we 
propose that, in addition to thermal activation, 
mechanical activation is equally and indepen- 
dently capable of inducing relaxation of a glass 
network. 

In summary, we have shown that a-Al,Os is 


of inorganic glasses below T; and present tools 
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a substantially more ductile material than 
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bond-switching event occurring at the edge of a locally yielding atom 
group (central Al, gold; oxygen bound at least once to the central Al, blue; 
Al, gray; O, red). Strain rate of 6.0 x 10° s+ corresponds to Ae = 0.01 

in 16.67 ps. (D) Cumulative distribution of plastic tensile strain 

(D> mins Ae = 0.5) in the a-Als03 simulation cell between initial and final 
structure (7.5 x 10’ s). Using a sliding color scale, atoms with 
below-average D*min are shown in shades of red, average D> min are white, 
and above-average D? min are shades of blue. All atoms above the color 
scale are also in blue. Loading axes are shown by arrows. 


previously believed. Our results indicate that 
plasticity by the viscous creep mechanism 
requires a dense and flaw-free glass network 
coupled with an effective activation energy 
that allows sufficient bond-switching activ- 
ity. The plasticity could be directly applied 
in thin-film applications, such as electronics 
and batteries. In addition, the results indicate 
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that amorphous oxides have potential to be 
used as high-strength, damage-tolerant engi- 
neering materials. To realize this potential, 
we face a challenge to develop manufacturing 
and characterization technologies that allow 
us to control the material flaws in the atomic 
structure and at the nanoscopic scale. 
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Electrical control of interlayer exciton dynamics 
in atomically thin heterostructures 


Luis A. Jauregui’*, Andrew Y. Joe’, Kateryna Pistunova’, Dominik S. Wild’, Alexander A. High’, 
You Zhou?, Giovanni Scuri?, Kristiaan De Greve}, Andrey Sushko?, Che-Hang Yu*+, 
Takashi Taniguchi‘, Kenji Watanabe“, Daniel J. Needleman®>*, Mikhail D. Lukin’, 


Hongkun Park, Philip Kim*?§ 


A van der Waals heterostructure built from atomically thin semiconducting transition metal 
dichalcogenides (TMDs) enables the formation of excitons from electrons and holes in distinct layers, 
producing interlayer excitons with large binding energy and a long lifetime. By employing 
heterostructures of monolayer TMDs, we realize optical and electrical generation of long-lived neutral 
and charged interlayer excitons. We demonstrate that neutral interlayer excitons can propagate across 
the entire sample and that their propagation can be controlled by excitation power and gate electrodes. 
We also use devices with ohmic contacts to facilitate the drift motion of charged interlayer excitons. 
The electrical generation and control of excitons provide a route for achieving quantum manipulation of 
bosonic composite particles with complete electrical tunability. 


ong-lived excitons can be potentially used 
for the realization of coherent quantum 
many-body systems (7-3) or as quantum 
information carriers (4, 5). In conventional 
semiconductors, the exciton lifetime can 
be increased by constructing double-quantum 
well (DQW) heterostructures, in which spatially 
separated electrons and holes form interlayer 
excitons (IEs) across the quantum wells (6-12). 
Strongly bound IEs can also be formed by 
stacking two single atomic unit cells of tran- 
sition metal dichalcogenides (TMDs) into a 
van der Waals (vdW) heterostructure. TMD 
heterostructures, such as MoSe,/WSes, MoS,/ 
WS., and MoS,/WSes, have shown ultrafast 
charge transfer (73), the formation of IEs with 
a large binding energy of ~150 meV (/4), and 
diffusion over long distances (15). Moreover, 
the tight binding and small exciton Bohr radius 
potentially allow for quantum degeneracy of 
these composite bosons, which may lead to 
exciton condensation at substantially elevated 
temperatures compared to those of, e.g., con- 
ventional Bose-Einstein condensates of cold 
atoms (2). 
In this work, we fabricate individually elec- 
trically contacted optoelectronic devices using 
hexagonal boron nitride (h-BN)-encapsulated 
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vdW heterostructures of MoSe, and WSe, 
(16, 17). Optically transparent electrical gates 
and ohmic electrical contacts realized for the 
individual atomic layers allow us to have com- 
plete control of the carrier densities in each 
TMD of the DQW while maintaining full op- 
tical access. The top and bottom insets of Fig. 1A 
show an optical image of a representative de- 
vice with false-colored top gates and a schematic 
cross section, respectively [a detailed device 
scheme is illustrated in fig. S1 (78)]. The green 
and red false-colored gates depict the contact 
gates for doping the MoSe, and WSe, regions, 
respectively. These contact gates, together with 
the prefabricated Pt electrodes, provide ohmic 
contacts in the WSe, p-channel (19). 

The presence of the top (optically transpar- 
ent) and bottom electrical gates, in addition to 
the separately contacted TMD layers, allows us 
to control the carrier density in the individual 
TMD layers as well as the electric field across 
the TMD heterostructure, F,,, using the volt- 
age V,, (or Vig) applied to the top (or bottom) 
gate. For intrinsic TMD layers (i.e., no free 
carriers and the chemical potential located 
within the semiconducting gap), where the 
heterostructure can be approximated by a thin 
dielectric slab, F,, is controlled by a gate oper- 
ation scheme in which we apply opposite gate 
polarity [supplementary text section 1 in (/8)]. 
Figure 1A shows the photoluminescence (PL) 
spectrum measured at temperature T = 4 K as 
a function of Z,;, keeping both TMD layers 
intrinsic. We observe a linear shift of PL peak 
energy with F,,,, suggesting a first-order Stark 
shift caused by the static electric dipole moment 
across the vdW heterostructure. By fitting the 
linear PL peak shift with the linear Stark shift 
formula —edEys, where ed is the dipole moment 
(e, electron charge; d, electron-hole separation), 
we estimate d ~ 0.6 nm, in good agreement with 
the expected vdW separation between WSe, 
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and MoSe,. This analysis strongly suggests that 
the observed PL peak indeed corresponds to 
the IE emission of the WSe./MoSe, hetero- 
structure with out-of-plane-oriented electric 
dipoles. There is a ~10% nonlinearity in the 
energy shift dependence versus F,,, which, com- 
bined with weak variations of the absorption 
intensity (as shown in Fig. 1B), might be at- 
tributed to the charging effect caused by un- 
compensated gating. Similar to a previous study 
(14), our findings indicate that the PL from the 
intralayer excitons is strongly suppressed com- 
pared with that of IEs in the WSe./MoSe, 
heterostructure region [fig. S2 in (78)], sug- 
gesting a fast dissociation of intralayer excitons 
and an efficient conversion to IEs in this system. 
We further confirm from the constant normal- 
ized reflection AR/R at the intralayer exciton 
resonances (20-22) that our gate operation 
scheme only varies F,, while keeping the layers 
intrinsic (Fig. 1B). 

The IEs in the vdW heterostructure can live 
longer than intralayer excitons, owing to the 
spatial separation of electrons and holes in the 
heterostructure. Figure 1C shows the IE life- 
time t as a function of /,,, measured by time- 
dependent PL after pulsed laser illumination. 
The lifetime t increases as E},, increases, reach- 
ing ~600 ns for Ey, > 0.1 V/nm, an order of 
magnitude larger than in previous studies 
(14, 23). The observed dependence of t on Ens 
can be explained by changes in the overlap 
between the electron and hole wave functions 
[section 3 of (J8)]. The recombination rate of 
an exciton is proportional to the probability 
that the electron and the hole occupy the same 
location. An electric field antiparallel to the IE 
dipole moment is therefore expected to reduce 
the recombination rate as it pulls the two car- 
riers apart, consistent with our measurements. 
Considering the PL intensity modulation shown 
in Fig. 1A together with the measured 1, we also 
demonstrate that the emission efficiency (n) 
can be tuned with F,,, reaching n ~ 80% when 
Fy; is aligned against the IE dipole moment, 
promoting the recombination process [section 
4 of (78)]. 

The electrostatic condition in our hetero- 
structures is greatly modified if we change the 
gate operation scheme such that one of the TMD 
layers is doped electrostatically, introducing 
free charge carriers. Figure 1E shows the IE PL 
spectrum after the gating scheme depicted in 
Fig. 1D. In this scheme, as shown in the nor- 
malized reflection AR/R at the intralayer exci- 
ton resonances (Fig. 1F), the carrier density of 
MoSe, (WSeg), Nap (Pop), changes with positive 
Vig (negative Vp.) while the WSe, (MoSe,) layer 
remains intrinsic, keeping F},, constant [sec- 
tion 5 of (18)]. We observe several pronounced 
changes in the IE emission spectrum as Vig 
(Vpe) increases (decreases) and nop > 0 (Pap 
> 0). First, the IE PL peaks exhibit a sudden 
red shift for n-doping (p-doping) of MoSe. 
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(WSe,). Second, the PL peaks continuously red- 
shift as doping increases for both n- and p- 
sides. In this regime, Fy, is fixed (as discussed 
above) and thus these shifts cannot be explained 
by the Stark effect. Lastly, the PL intensity di- 
minishes rapidly as doping increases. 

Our measurements in the doped regime can 
be explained by the formation of charged IEs 
(CIEs) (24). As shown in the normalized reflec- 
tion measured with the same gating scheme, 
we can identify (i) intrinsic/p, (ii) intrinsic/ 
intrinsic, and (iii) n/intrinsic regions by the 
disappearance of the absorption dips for intra- 
layer excitons in MoSey and WSe, (25), which 
are well aligned with the sudden red shift 
observed in IE PL (vertical dashed lines in 
Fig. 1, D to G). Thus, this jump in energy can 
be related to the CIEs. Note that charged excitons 
can be referred to as trions (i.e., three-body 
bound states) (26-29) or, alternatively, attract- 
ive polarons (i.e., excitonic states dressed by 
a polarized fermionic sea, similar to those in 


Fig. 1. Electric field and carrier density 
control of interlayer excitons. (A) IE PL spectra 
versus electric field applied to the heterostruc- 
ture [Ens = (Vig — Vog) /ttotal * (€h—Bn/€TM))]- 
Here, the top (Vig) and bottom (Vpg) gate 
voltages are swept together with a voltage ratio o 
(a = thee /thottan = 0-614; tiin°’ = 70nm and 
th BN = 114nm are the top and bottom h-BN 
thicknesses, respectively), tiotai is the total h-BN 
thickness, and e,_gy = 3.9 and eqyp = 7.2 are 
the h-BN and TMD permittivity, respectively. 
(Top inset) Optical image of a representative 
device with the top-gates shown in false color. 
(Bottom inset) Schematic of the heterostructure 
cross section, showing electrons (holes) accu- 
mulate on the MoSes (WSez2) layers, forming 
IEs. The white arrow represents the positive 
direction of E,;. (B) Normalized reflectance 
versus E},5. (C) IE lifetime t versus Ej. The 
lifetime is measured at low laser power (20 nW) 
to ensure a single exponential PL decay. Error 
bars are obtained by adjusting the fitting range. 
(D) Calculated E,; versus Vig and Vp,g. The field 
Ey, remains constant once a given layer is doped. 
The top cartoons represent the heterostructure 
for different applied gate voltages. The fields 
Eps and Egy (electric fields on the top and bottom 
h-BN layers) are depicted as blue and black 
arrows, respectively. (E) Single-gate dependence 
(Vig Or Vbg) of the PL shows formation of charged 
IEs with varying carrier density obtained from the 
gate operation scheme in (D). (Left inset) Cartoon 
of hole-doped IEs with Vpg. (Right inset) Cartoon 
of electron-doped IEs with Vig. a.u., arbitrary units. 
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monolayer TMDs) (30, 31). The value of the 
observed jump ~10 meV (15 meV) for positive 
(negative) CIEs is in good agreement with the 
calculated binding energy of CIEs (24). The 
lifetime of CIEs is ~100 ns near the band edge 
but decreases with increased doping, presum- 
ably owing to additional decay channels enabled 
by scattering with free carriers (Fig. 1G). 

We create high densities of IEs by increasing 
laser power. In particular, for neutral IEs, we 
observe that the PL emission is shifted to higher 
energy with increasing power (Fig. 2A), con- 
sistent with a mean-field shift stemming from 
the repulsive dipole-dipole interaction between 
oriented IEs. Following the analysis based on a 
parallel plate-capacitance model used for GaAs 
DQW IEs (32), we obtain a lower bound for the 
IE density of ~5 x 10" cm” [section 6 of (18)]. 
The high density of long-lived IEs and the large 
t observed in our heterostructures can enable 
transport of IEs across the samples. Figure 2, B 
to D, shows the spatial map of the IE PL in- 


E,, (V/nm) 
-0.1 0 


0.1 


Energy (eV) 


Energy (eV) 
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tensity at different laser powers. The PL signal 
can be detected far away from the diffraction- 
limited focused laser spot (<1 um in diameter). 
At the highest power, PL can be observed many 
micrometers away from the excitation spot, 
strongly suggesting transport of IEs across 
the sample. From these maps, we obtain the 
normalized, radially averaged PL intensity, 
Ip'™ (r), where 7 is measured from the center 
of the diffraction-limited steady-state laser spot. 
Here, the PL intensity is normalized by the 
value obtained at r = 0. As shown in Fig. 2E, 
away from the laser spot, Jpp"™(r) decreases 
rapidly as 7 increases. Note, however, that at a 
given 7, I?"™(r) increases with power (P) even 
at a position far away from the laser spot. 
Similarly, an increase of [pp'™(r) is observed 
when adjusting F,,, to increase t at fixed P. The 
latter observation is consistent with exciton 
transport, as longer-lived IEs may travel farther 
[section 7 of (78)]. The characteristic length 
Lp for the decaying behavior of [}?"™(7) can 
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(F) Normalized reflectance versus carrier density. The horizontal dashed lines in (B) and (F) represent the neutral excitons for WSe2 (Xise,) and MoSe, (XMosen)- The 


normalized 


reflection spectrum from the top MoSez layer is brighter than that from the bottom WSez layer, owing to the dominant direct reflection of the top layer, 


which provides a simpler normalization scheme. (G) Neutral and charged IE lifetimes t versus carrier density. Error bars are obtained by adjusting the fitting range. The 
vertical light blue dashed lines in (D) to (G) mark the intrinsic region. Data in (E) to (G) were taken in different thermal cycles from (A) to (C). Thus, small shifts in 
the energy spectrum or lifetime occur, owing to different disorder configurations and measurement positions at low temperatures. 
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be obtained from fitting e"/4/,/r/Lp to 
Ipp'™ (r) away from the laser excitation spot 
(dashed lines in Fig. 2E), following the two- 
dimensional diffusion model with a point 
source [section 8 in (18)]. As shown on the left 
axis of Fig. 2G, we find that Lp increases as P 
increases, suggesting increased diffusion at 
high IE density, possibly due to exciton-exciton 
interactions. 

We also used a diffraction-limited focused 
pulsed laser to measure the temporal decay of 
the PL intensity. Figure 2F shows an estimate 
of the time-dependent exciton population (in- 
tegrated PL signal along the heterostructure 
weighted by 7”) after a laser pulse with peak 


power P. The time-dependent PL initially ex- 
hibits a faster decay process with characteris- 
tic time scale t, ~ 10 ns, followed by a slower 
decay process occurring on the time scale t. ~ 
100 ns, suggesting that there are two different 
mechanisms for the PL intensity decay. The 
value of Lp estimated above can be converted 
to a diffusion constant according toD = Li,/t. 
Two values D, and D, are obtained using the 
short (t,) and long (t.) decay times, respectively 
(Fig. 2H). Because our lifetime measurement 
uses a pulsed laser where the interaction-driven 
IE diffusion occurs just after the pulse is off 
when the IE density remains high, t, could be 
more relevant than t, for the IE diffusion. 


However, the value of Lp, measured in steady 
state, would be dominated by to. Figure 2H 
shows that D, is in the range of 0.01 to 0.1. cm/s, 
whereas D, changes from 0.1 to 1 cm?/s. Both 
D, and Dy, are increasing with increasing P, 
providing upper and lower bounds for non- 
linear IE diffusion caused by dipolar repulsive 
interaction [section 8 in (78)], respectively. 
We obtain further evidence for IE transport 
from time-dependent spatial PL maps with 
a pulsed laser illuminating the center of the 
sample. We measure the IE PL intensity Ip, (7, t) 
as a function of distance r (referenced to the laser 
illumination spot) and time ¢ (referenced to 
the falling edge of the laser pulse). Figure 2, I 
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Fig. 2. Spatial control of neutral interlayer excitons. (A) Power (P) 
dependence of the normalized PL spectra collected from the same spot as the 
excitation. The blue dashed line corresponds to the PL peak position versus 
power. (B to D) Spatial dependence of the intensity of the normalized PL for P = 10, 
100, and 1000 uW, respectively. The white outlines depict the heterostructure area. 
The continuous wave laser excitation (A = 660 nm) is fixed at the top left of the sample. 
Scale bar, 5 um. All measurements were performed at 4 K. Experiments performed at 
higher temperatures provide smaller spatial extension of PL around the excitation [see 
section 12 of (18) for details]. (E) Power dependence of normalized radially 
averaged Ip, (normalized /p_) versus r with the excitation fixed at the center of 
the sample. The red and black dashed lines represent e~'/'e /\/r/Lp for Lp = 1.1 
and 3.2 um, respectively, where Lp is the diffusion length. P = 1, 2, 3, 5, 10, 20, 
50, 100, 200, 500, 1000, 2000, 3000, 4000, and 5000 pW. (F) Time-dependent PL 
normalized at t = O for different “on” powers. For this measurement, we use a 
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pulsed 660-nm diode laser with a 100-kHz repetition rate and 1-us “on” time. The 
power we quoted is the “on” power or peak power. Dashed gray lines correspond to 
double exponential fits. (G) (Left axis) Lp versus P extracted from the data 

in (E). (Right axis) Lifetime (t) versus P with two values of t extracted from 

the double exponential decay fit. (H) Diffusion constant (D = L3/t) versus 

P extracted from (G) using the two different values of t. The dashed line 
corresponds to D ~ P”, as expected from the nonlinear diffusion model [section 8 
of (18)]. (land J) Normalized Ip, versus time and distance from the laser spot. 
IpL(r, t) was estimated by averaging over a line cut through the laser spot. We 
normalize Ip, at each time by /p_ (r,t) /IpL(r = 0, t). Overlaid white lines represent 


x/ (r@) obtained from the experimental PL map, assuming rotational symmetry of 
the sample. (Inset) The pulsed laser diode is turned on at t = 0 us with powers of 130 uW 
(I) and 1000 nW (J) and turned off at t = 1 us (also marked with dashed black lines). 
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and J, shows the normalized time-dependent 
PLIp™ (r,t) = Ip (7, t)/Ie. (r = 0, t) at differ- 
ent laser peak powers. The time-dependent 
root mean square radius, Trms(t) = \/(7r?), 
computed from J5?"™(r,t) (white lines) in- 
creases rapidly when the laser is on, reaching a 
steady state within ~200 ns. Notably, Tn5(t) 
increases again rapidly within 100 ns after the 
laser is turned off. Although the observed two 
decaying time scales and the dynamics of IEs 
can be explained by the diffusion of IEs driven 
by interaction and their recombination, an 
alternative scenario involving the diffusion of 
photoexcited free carriers (33) is also possible 
[see section 8 of (78)]. Future experimental 
studies with spatially resolved resonant exci- 
tation of IEs can be potentially used to dis- 
tinguish these scenarios. 

Unlike the neutral IEs discussed above, CIEs 
can be manipulated by an in-plane electric field. 
Figure 3A shows the spatial map of Jpy, overlaid 
with the device image when CIEs are optically 
excited at the center of the sample. Similar 
to neutral IEs, CIEs generated at the laser- 
illuminated spot can diffuse across the entire 
sample. Both the WSe, and MoSe, layers in 
our device have multiple electrical contacts 
away from the heterostructure edge (~10 um 
away) that are used to control the lateral elec- 
tric field while avoiding any local Schottky 
barrier effects. Figure 3B shows the spatial 
map of the PL intensity normalized as Ip, (Vq;)/ 
Ipp(Vas = 0) when applying an interlayer bias 
voltage of Va, = 3 V across the WSeg layer. 
We observe that the grounded edge of the 
sample becomes brighter with increasing Vg, 
(also see Fig. 3C for the normalized average 
emission intensity along the heterostructure 
channel). This increase in PL at the boundary 
between the heterostructure and the highly 
doped monolayer region can be explained by 
drift of CIEs under the applied bias voltage 
in the channel. The applied bias Va, creates 
an electric field to tilt the band structure in the 
direction of the WSe, channel, driving positive 
(+) CIEs along the same direction as shown 
in the schematic diagram in Fig. 3D. At the 
boundary of the heterostructure, however, the 
+CIE cannot be transported to the WSe, p- 
channel because current across the boundary 
must be preserved. Therefore, the transported 
+CIEs recombine to turn into a hole in the WSe, 
p-channel. In figs. S13 and S14, we further con- 
firm this picture of CIE transport by changing 
the doping polarity and Vg, direction [see sec- 
tion 9 of (78) for details on gate configurations 
and alternative explanations]. We also note 
that, owing mainly to the limited resolution 
of our electrical setup, we do not observe any 
photocurrent >10 pA. 

Finally, we demonstrate the electrical gen- 
eration of IEs by free-carrier injection using 
ohmic contacts in individual TMD layers. 
Because our heterostructure forms type II- 


Jauregui et al., Science 366, 870-875 (2019) 


Fig. 3. Spatial control of charged interlayer excitons. (A) Spatial dependence of /p, with the laser 
excitation fixed at the center of the heterostructure (blue arrow). An optical image of the device with false- 
colored top gates that cover the WSez and MoSez contacts is overlaid. An in-plane electric field is applied 

by a voltage (Vas) in one of the WSez contacts while the other contact remains grounded. GND corresponds 


to the grounded electrode. Scale bar, 5 um. (B) Spatial 


dependence of Ip, normalized according to 


IpL(Vas) /lpL(Vas = 0) for Vas = 3 V. When Vas increases, we observe a larger population of charged IEs near 
the right WSe> electrode. (C) Normalized /p, averaged over the y axis versus the heterostructure channel 
length x [depicted in (B)] for different Vs. (D) Schematic of the heterostructure bands with applied Vas. The red 
(green) bands correspond to WSe» (MoSez). A positive Vg, is applied while the chemical potential (blue 


dotted line) is kept inside the WSe> valence band to fo 
drift toward the grounded contact. The emission main 
charged exciton cannot move beyond the heterostruct 


aligned p- and n-layers, the charge transport 
across WSe, to MoSe, is expected to show 
diode-like rectifying behaviors (34, 35). Figure 4A. 
shows interlayer current (/g,) versus interlayer 
bias (Vq,) curves, whose characteristics can be 
modulated by Vig and Vi... Changing Vig and 
Vpe adjusts the band offset in the type II 
heterojunction and the doping in each layer. The 
inset to Fig. 4A shows a map of the forward 


15 November 2019 


rm positively charged IEs. Under positive Vg., the CIEs 
y occurs near the grounded contact, because the 
ure. The yellow arrow indicates the current direction. 


bias current at a fixed bias voltage. One can 
identify the region in which both WSe, and 
MoSe, layers remain intrinsic, consistent with 
the absorption spectrum discussed in Fig. 1. No- 
tably, we find that this p-n device generates 
detectable electroluminescence (EL) at suffi- 
ciently high bias. A particularly interesting 
EL condition occurs when both TMD layers are 
intrinsic, thus allowing electrons and holes to 
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Fig. 4. Electrical generation 
of interlayer excitons. 

(A) I-V curves at various top 
(Vig) and bottom (Vg) 

gate configurations, with 
corresponding indicators 

in the inset. (Inset) ly; ver- 
sus Vig and Vbg (with 

Vas = -3 V on MoSes 

and grounded WSez). 

The white dashed line rep- 
resents the compensated 
electric field where 

Vig = 10.37V — aVig. The $ 408 
different symbols represent = 
the gate voltages used in 

(A) to (C) and (E). (B and 

C) Spatially dependent 

EL maps for Vig = -1 V (1 V) 

and Vpg = 12 V (8.75 V) at 

Vas = 7 V. The white dashed 

lines indicate the hetero- 

structure area. (D) Electric 

field (E,;) dependence of 

the interlayer exciton EL. 

The electron-hole separa- 

tion (d = 0.55 nm) obtained 

from the slope agrees 

reasonably with the 

electron-hole separation 

extracted from PL. 
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(E) Time-dependent EL intensity for two different gate configurations: blue (orange) curve uses Vig = 10 V (-10 V) and Vp, = 16.28 V. The yellow line represents 
the pulsed sawtooth voltage applied to Vas. The measured EL lifetime is gate-tunable, as in the PL case, and of comparable magnitude to the PL lifetime. 


recombine through the formation of IEs. Figure 
4, B and C, shows the EL maps of the hetero- 
structure region. The local EL intensity in the 
heterostructure depends on the local recom- 
bination current density, which can be con- 
trolled by Vig and Vp [section 10 of (18)]. We 
find that the EL spectrum resembles the PL 
spectrum in the same (Vig, Vig) configuration 
(34). Figure 4D shows EL versus F,,,. Similar to 
the PL shown in Fig. 1A, the EL spectrum shifts 
linearly with F;,,, which can be attributed to the 
IE Stark effect. More direct evidence that the 
EL process in our heterostructure is mediated 
through the IE formation by carrier injection 
is provided by the EL lifetime. Figure 4E shows 
the EL intensity as a function of time when we 
pulse V4, at a fixed Vig and Vig. We measure the 
EL at the falling edge of the pulse. Long and 
short lifetimes of +150 and ~25 ns are obtained 
for the gate voltages of V,, = 10 and -10 V with 
Vg = 16.3 V, corresponding to the neutral IE 
and charged IE formation regime, respectively 
(Fig. 4A, inset). 

The electrical generation of long-lived inter- 
layer excitons provides an electrically driven 
near-infrared light source with an energy tun- 
ability that ranges over several hundreds of 
milli-electron volts and spatial control of the 
emission. Achieving high-density IEs without 
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optical excitation could pave a way to realize 
quantum condensates in solid-state devices. 
Large valley polarization (23, 36) strongly coupled 
to the spin may also lead to optoelectronic 
devices based on electrically driven CIEs. The 
spin degree of freedom in such devices could 
be potentially used for both classical and quan- 
tum information processing. 
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A broadly applicable cross-linker for aliphatic 
polymers containing C-H bonds 


Mathieu L. Lepage’*, Chakravarthi Simhadri?*, Chang Liu’, Mahdi Takaffoli, Liting Bi, 


Bryn Crawford?, Abbas S. Milani’, Jeremy E. Wulff; 


Addition of molecular cross-links to polymers increases mechanical strength and improves corrosion 
resistance. However, it remains challenging to install cross-links in low-functionality macromolecules 
in a well-controlled manner. Typically, high-energy processes are required to generate highly reactive 
radicals in situ, allowing only limited control over the degree and type of cross-link. We rationally 
designed a bis-diazirine molecule whose decomposition into carbenes under mild and controllable conditions 
enables the cross-linking of essentially any organic polymer through double C-H activation. The utility of 
this molecule as a cross-linker was demonstrated for several diverse polymer substrates (including 
polypropylene, a low-functionality polymer of long-standing challenge to the field) and in applications 
including adhesion of low-surface-energy materials and the strengthening of polyethylene fabric. 


ddition of cross-links to polymeric mate- 
rials confers several important advan- 
tages to the final product. By converting 
a thermoplastic into a thermoset, a poly- 
mer’s impact resistance, tensile strength, 
and high-temperature performance are great- 
ly enhanced, whereas material creep and 
unwanted thermal expansion are reduced (J). 
Cross-linked polymers also have increased re- 
sistance to solvents and electrical discharge as 
well as to chemical and biological effects. Al- 
though cross-linking can present challenges 
from the perspective of recyclability, it is ad- 
vantageous in applications for which chemi- 
cal, biological, or electrical degradation is a 
concern (2, 3). Cross-linked polyethylene, for 
example, is used for medical devices (4), in- 
sulation for electrical wires (5, 6), and con- 
tainers for corrosive liquids (7). The principal 
disadvantage to cross-linking lies with an in- 
crease in brittleness, because the polymer 
chains are no longer free to slip across each 
other. Because these properties are highly 
correlated to the cross-link density, the control 
of the cross-linking process is key to the pro- 
duction of high-performance materials. 
Cross-links can be established in polymers 
through various strategies. The most common 
method in the academic literature involves the 
use of copolymers wherein one of the mono- 
mer constituents incorporates a linkable frag- 
ment (J, 8). Alternatively, a monomer that has 
two functional groups may give rise to a linear 
prepolymer that can be thermally or photo- 
chemically cured (9). However, neither of the 
above strategies is appropriate when one needs 
to cross-link a polymer material that lacks func- 
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tionality within its chemical structure. This 
includes important commodity plastics like 
polyethylene and polypropylene. Similarly, 
biomass-derived polymers (e.g., polylactic acid) 
and important biodegradable polymers (e.g., 
polycaprolactone) often lack any cross-linkable 
functional groups, even though they contain 
some functionality within their linear chains. 

For these reasons, high-energy radical pro- 
cesses involving peroxides or electron or y- 
irradiation are used industrially to produce 
cross-linked polyethylene (2, 3). However, the 
conditions required to initiate cross-linking 
through hydrogen abstraction are a limitation, 
and such methods are ineffective for poly- 
propylene (J). The need to break a strong C-H 
bond (390 to 400 kJ/mol) in the vicinity of 
comparatively weaker C-C bonds (~350 kJ/mol) 
sets the stage for competing fragmentation and 
branching processes that can compromise the 
integrity of the material (fig. S1). Moreover, 
these methods do not allow for control over the 
type of molecular cross-link established, meaning 
that one cannot easily tune the mechanical 
properties of the final material. 

We hypothesized that a superior cross-linking 
strategy could emerge from the use of low- 
barrier C-H insertions. Singlet carbenes are 
known to add directly to C-H, O-H, and N-H 
bonds through a concerted process that does 
not involve the generation of any new high- 
energy species (10). Carbene-generating re- 
agents have been used for decades in the field 
of chemical biology to link small molecules to 
their protein targets, with the 3-trifluoromethyl- 
3H-diazirine motif (Fig. 1A) established as a 
particularly effective carbene precursor (11). 
Although a few records of multivalent diazir- 
ines exist, their occasional application to poly- 
mer cross-linking has remained limited to 
substrates with weak C-H bonds such as poly- 
ethylene glycol and highly functionalized 
materials in organic electronics (12-15). The 
corresponding bis-azides (which function 
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through nitrene insertion) have been some- 
what better developed (76), but nitrenes are 
generally less reactive toward C-H insertion 
than carbenes and are more prone to undesir- 
able rearrangement reactions (JJ). We envi- 
sioned that an optimally designed bis-diazirine 
could permit the cross-linking of unfunctional- 
ized alkane polymers under mild conditions 
and without unwanted branching or fragmen- 
tation (Fig. 1B). 

We began our search for an effective bis- 
diazirine cross-linker by preparing the known 
compound 1 (12-15) and the pyridyl analog 2 
(Fig. 2A). Both of these molecules were sur- 
prisingly volatile (fig. S2), and subsequent ther- 
mal analysis according to Yoshida’s correlations 
(7, 18) (Fig. 2B and eqs. S2 and S3) suggested 
that each possessed a substantial explosion 
risk. Although preliminary cross-linking trials 
demonstrated their ability to cross-link model 
substrates, both the volatility and the explo- 
sion risk negated the utility of these molecules 
for practical applications. 

Stimulated by these observations, we de- 
signed and synthesized improved cross-linker 
3 (Fig. 2A). Design features for 3 included (i) 
an increased molecular weight relative to 1 and 
2, for reduced volatility and explosion risk; (ii) 
the absence of any labile C-O or C-N bonds 
(12-15), which would limit the robustness of 
cross-linked products; (iii) the use of an 
electron-deficient linker para to the diazirine 
motif, for improved handling under ambient 
conditions (19); and (iv) the absence of any 
aliphatic C-H bonds, to reduce the risk of 
self-reaction. 

Cross-linker 3 was found to have many de- 
sirable properties. It showed good solubility 
in a wide range of solvents (facilitating its 
dispersal into polymer matrices) and had a 
melting point conveniently just above room 


A [s] 
& n° 
Aor hy V® 


(350 nm) 


B Carbene C-H insertion 
Bis-diazirine 
N N Now 
F;,C + CF3 N=N 
pree ees 


Polyethylene — 
(PE) Crosslinked PE 


Fig. 1. A bis-diazirine strategy for polymer cross- 
linking. (A) Mechanism of carbene formation from the 
light- or heat-promoted decomposition of diazirines, 
followed by C-H insertion. hv, ultraviolet light. 

(B) Cross-linking of nonfunctionalized polymers 
through double C-H insertion of bis-diazirines. 
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temperature (Fig. 2F), meaning that it could 
be handled either as a liquid or crystalline 
solid. Thermogravimetric analysis (TGA) revealed 
that it cleanly lost 2 equivalents of N. upon gentle 
heating (Fig. 2C and eq. S1), whereas differen- 
tial scanning calorimetry (DSC) and applica- 
tion of Yoshida’s correlations confirmed that 
3 was not a likely explosive (Fig. 2B and table 
S1). Subsequent mechanical tests (movies S1 
and S82) revealed no propensity for explosion 
with 3, at which point its synthesis was 
safely scaled up to afford multigram quanti- 
ties (20). 

Cross-linkers that are capable of inserting into 
the strong secondary (2°) C-H bonds of poly- 
ethylene should have equal or greater effective- 
ness against most other polymer substrates, 
because almost every other aliphatic polymer 
(aside from perhalogenated materials like 
Teflon) has C-H bonds of equal or lower 
strength (e.g., polypropylene or polystyrene) 
or contains O-H or N-H bonds that react more 
quickly with carbenes (e.g., polyalcohols or 
polyamides) (77). We therefore elected to first 
test 1 to 3 in models of polyethylene cross- 
linking, with the expectation that any success- 
ful cross-linkers identified in these trials would 
be broadly applicable to other systems. Seek- 
ing an initial substrate that would permit full 
spectroscopic characterization of cross-linked 
products, we first used cyclohexane as a mo- 
lecular model for polyethylene, because it sim- 
ilarly contains only 2°C-H bonds. 

The cross-linking of cyclohexane with 1 to 3 
was studied under both thermal and photo- 
chemical activation conditions (Fig. 2A). Both 
long-wave ultraviolet (UV) irradiation (350 nm) 
and heating (110° or 140°C) were effective in 
activating all three bis-diazirines. A difference 
in the rate of photochemical conversion was 
observed: Whereas 3 was consumed within 
Lhour, 1 and 2 required ~2 hours and ~4 hours, 
respectively, for complete conversion. In all 
cases, a small amount of linear diazo isomer 
(resulting from the known rearrangement of 
the diazirine group) was detected under photo- 
chemical conditions (Fig. 2D and figs. S5 to 
S11). These isomeric species persisted two to 
three times longer but can also participate in 
cross-linking (27). Under thermal activation at 
140°C, the reaction was much faster (<20 min), 
and no linear diazo intermediate was observed. 

Successful cross-linking was confirmed by 
careful isolation and characterization of pro- 
ducts 4 to 6 (Fig. 2F). For all three adducts, 
*H nuclear magnetic resonance (NMR) spectra 
showed a doublet of quartets at ~3.1 parts 
per million (ppm), and °F NMR revealed a 
proton-coupled resonance at -63 ppm (cou- 
pling constant ?J}-7 = 10 Hz), both indicating 
the presence of a hydrogen atom oa to a tri- 
fluoromethyl group and at the foot of a new 
C(H)-C(H) bond (Fig. 2E). The modest isolated 
yields for 4 to 6, independent from the meth- 
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Fig. 2. Survey of cross-linkers 1 to 3. (A) Compound structures and illustration of cyclohexane cross- 
linking. (B) Yoshida correlations showing that 1 and 2, but not 3, are potential explosion hazards. EP, 
explosive propagation; SS, shock sensitivity. (©) TGA and DSC analysis of 3, showing that the cross-linker is 
activated above 100°C and loses mass corresponding exactly to two equivalents of No. (D) UV spectra 
collected during the photochemical and thermal cross-linking of cyclohexane with 3, showing that thermal 
initiation is faster and produces less diazo isomer. Asterisks indicate bands associated with each 
chromophore. (E) 'H and !°F NMR data for purified adduct 6, produced from cross-linking of cyclohexane 
with 3. SF(CH} indicates a proton-decoupled experiment. (F) Physical properties for 1 to 3 and yields for 
purified cyclohexane adducts. Max temp., maximum temperature. 


od of activation, should not be taken as an 
absolute measure of cross-linking efficacy, be- 
cause several alternative cross-link structures 
(e.g., those in which 1, 2, or 3 oligomerize be- 
fore cross-linking) would not be included 
within these yields. Indeed, observations of 
the spectroscopic signatures described above 
within the crude NMR spectra indicate that 
the overall C-H insertion efficacy in each case 
is >50% (20). Although the pyridine unit with- 
in 2 was added in the hopes of increasing cross- 
linking efficiency (19), this compound did not 
offer any advantages relative to 1 or 3. 

With cross-linking of the molecular model 
substrate established, we turned our attention 
to cross-linking of relevant polymers, begin- 
ning with soluble, low-molecular-weight poly- 
ethylene (i.e., paraffin). Increasing amounts 
of bis-diazirine 3 [5 to 200 weight % (wt %)] 
(table S2) were readily dissolved in molten 
paraffin and activated at 110°C (figs. S15 and 
$16). Analysis by gel permeation chromatog- 
raphy (GPC) revealed a continuous increase 
in molecular weight with the amount of bis- 
diazirine added (Fig. 3A, blue arrow), provid- 
ing evidence of cross-linking. Simultaneous 
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UV detection confirmed that the chromophore 
from 3 was predominantly associated with 
higher-weight fractions (red arrow)—again, 
consistent with successful cross-linking. At 
200 wt % of 3, cross-linking of paraffin af- 
forded a tough gel with diminished solubil- 
ity in tetrahydrofuran (THF) (fig. S16) (hence 
the decreased intensity in the GPC data), which 
supports the creation of a three-dimensional 
network. Subsequent studies also confirmed 
cross-linking in less-soluble, unbranched poly- 
ethylene (figs. S29 and S30). 

Cross-linker 3 was then tested on other poly- 
mer substrates. Experiments with polydime- 
thylsiloxane (PDMS) provided similar results 
to those for paraffin: Low-viscosity PDMS ex- 
hibited an increased molecular weight upon 
thermal cross-linking with 5 wt % 3 (Fig. 3B), 
whereas high-viscosity PDMS was transformed 
into a rubbery solid with negligible solubility 
in THF (fig. S17). Photochemical cross-linking 
with 3 (20) likewise converted the liquid PDMS 
substrate into a stable gel (movie S3). Similar 
observations were made when cross-linking 
polycaprolactone (figs. S19 and S20), poly- 
styrene (figs. S31 to S33), and polyisoprene 
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Fig. 3. Cross-linking of soluble and insoluble polymers. (A) Cross-linking of paraffin monitored by 

GPC. (B) Cross-linking of PDMS monitored by GPC. (€) Cross-linking of polypropylene increases the glass 
transition temperature (7,) and decreases the fusion enthalpy (AH,ys). (D) Structure of molecular control 7, 
used to validate mechanism. (E) Lap-shear data confirming adhesion for HDPE samples treated with 3 

but not those treated with 7. Numbers indicate the total number of samples exhibiting sufficient adhesion 
for testing. (F) Drop-tower testing confirming reduced back-face signature and increased resistance to 
penetration upon cross-linking of UHMWPE fabric with 3. (G) Tear-testing data confirming increased 
mechanical strength for UHMWPE samples treated with 3 but not those treated with 7. Error bars 
correspond to standard deviations [N = 5 for (E) and N = 4 for (F); sample replicates for (G) are indicated 
in table S13]. *p < 0.05; **p < 0.01; ***p < 0.001. n.s., not statistically significant. 


(figs. S34 to $37). Polyvinyl alcohol cross- 
linked with increasing amounts of 3 progres- 
sively lost its aqueous solubility (figs. S24 and 
$25). The use of low concentrations of 3 for 
polyvinyl alcohol gave a product that floated 
atop the aqueous sample, whereas the use of 
higher concentrations gave a product that was 
heavier than water, demonstrating that cross- 
linker loading could control material density. 
We next sought to demonstrate the efficacy 
of 3 for cross-linking commercial polypropylene 
samples. With increasing concentrations of 
cross-linker applied to low-molecular-weight 
polypropylene, we observed a monotonically 
increasing glass transition temperature (T,) 
and decreased solubility (Fig. 3C and fig. $26). 
We also observed a consistent decrease in the 
enthalpy associated with the melting transi- 
tion, while the actual 7,, temperature re- 
mained constant. This is consistent with a 
model of polymer cross-linking where cross- 
linked regions of the polymer structure will 
be nonmelting [leading to a reduction in fu- 
sion enthalpy (AH;,,)], whereas residual non- 
cross-linked regions will have a T,, similar to 
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that of unmodified polypropylene. Even more 
profound effects were observed upon cross- 
linking of higher-molecular-weight poly- 
propylene: The 7, was driven to a high of 
nearly room temperature, whereas the melt- 
ing transition was almost completely lost at 
high-cross-linking density (fig. $27). 

To demonstrate the utility of 3 for industrial 
processes, we were particularly interested to 
explore its effectiveness as an adhesive for 
high-density polyethylene (HDPE) and as a 
strengthening agent for polyethylene fabric. 
Adhesion of low-surface-energy materials like 
HDPE is an important problem in manufactur- 
ing (22). bis-Diazirine 3 can, in principle, con- 
nect two polymer surfaces through strong C-C 
bonds. We applied bis-diazirine 3 between 
bars of HDPE, cross-linked the assemblies at 
110°C and then challenged them on a lap- 
shear experiment, along with appropriate con- 
trols (Fig. 3E). The cross-linked bars required 
far more load to be pulled apart than any of 
the controls, and analysis of separated samples 
by optical profilometry (figs. S40 and S41) in- 
dicated that residue derived from 3 was pre- 
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sent on both faces, consistent with a cohesive 
rather than adhesive failure mechanism (23). 
Control samples prepared with no additives or 
with an equivalent weight (10 mg) of commer- 
cial Super Glue could not be measured, be- 
cause they did not adhere. A set of samples 
coated with an equivalent weight of molec- 
ular control 7 (Fig. 3D) only barely adhered, 
proving that most of the adhesive force was 
due to cross-linking rather than simple sur- 
face modification. The use of a larger amount 
of 3 (25 mg) did not increase bonding strength. 
To explore the effect of cross-linking 
ultrahigh-molecular-weight polyethylene 
(UHMWPE) fabric, we dissolved 3 in pentane 
and applied this solution to two different de- 
niers of fabric (75 or 90 g/m?) from two dif- 
ferent suppliers. The pentane was evaporated, 
and impregnated samples (or vehicle controls, 
treated with pentane but not 3) were cross- 
linked at 110°C. Samples treated with as low 
as 1 wt % 3 exhibited increased performance 
in both drop-tower and tear testing (Fig. 3, F 
and G). Increasing the cross-linker density to 
10 wt % further improved material strength, 
but by a less marked increment. Surface sites 
on the UHMWPE fibers evidently become sat- 
urated, providing diminishing returns upon 
addition of more cross-linker. Fabric treated 
with molecular control 7 did not exhibit im- 
proved strength, once again confirming that 
the above results are due to authentic cross- 
linking and not surface modification. Cross- 
linking of aramid fabric likewise improved 
impact resistance, although the substantially 
increased rigidity in this case made the treated 
material easier to tear (figs. S43 to S46). 
bis-Diazirine 3 is exceptionally stable (it can 
be recovered unchanged after dispersion in 
concentrated sulfuric acid at 70°C) but is read- 
ily activated by two complementary modes of 
activation: heating to >100°C or irradiation 
with ~350-nm light. Once activated, 3 is able 
to cross-link any aliphatic polymer containing 
C-H bonds, resulting in increased molecular 
weight, decreased solubility, increased T,, and 
increased material strength: all well-known 
hallmarks of molecular cross-linking. 
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Catchment properties and the photosynthetic trait 
composition of freshwater plant communities 


L. L. Iversen?2*, A. Winkel”, L. Baastrup-Spohr"*, A. B. Hinke’, J. Alahuhta®*, A. Baattrup-Pedersen®, 
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Unlike in land plants, photosynthesis in many aquatic plants relies on bicarbonate in addition to carbon 
dioxide (COz) to compensate for the low diffusivity and potential depletion of CO2 in water. 
Concentrations of bicarbonate and CO> vary greatly with catchment geology. In this study, we investigate 
whether there is a link between these concentrations and the frequency of freshwater plants possessing 
the bicarbonate use trait. We show, globally, that the frequency of plant species with this trait 
increases with bicarbonate concentration. Regionally, however, the frequency of bicarbonate use is 
reduced at sites where the CO2 concentration is substantially above the air equilibrium, consistent with 
this trait being an adaptation to carbon limitation. Future anthropogenic changes of bicarbonate and CO2 
concentrations may alter the species compositions of freshwater plant communities. 


he biogeography of terrestrial plants is 
influenced by climatic factors—primarily 

air temperature and precipitation (1). Fur- 
thermore, the distribution of biochemical 
traits, such as the two terrestrial CO2- 
concentrating mechanisms, C, photosynthesis 
and crassulacean acid metabolism, are linked 
to temperature and water availability (2). Al- 
though freshwater angiosperms evolved from 
terrestrial ancestors (3), their growth is con- 
trolled by light, nutrients, and inorganic carbon 
(4) rather than water, and therefore the factors 
influencing their biogeography are likely to be 
different. Inorganic carbon potentially limits 
photosynthesis in aquatic systems, because the 
diffusion of CO, is 10“-fold lower in water than in 
air. Consequently, the CO, concentration needed 
to saturate photosynthesis is up to 12 times 
the air equilibrium concentration (5). More- 
over, rapid photosynthesis can reduce CO, in 
water substantially below air saturation (4). 
In response to carbon limitation, a few 
aquatic angiosperms evolved the same CO.- 
concentrating mechanisms found in their 
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terrestrial ancestors, but the most frequent 
mechanism, found in about half of studied 
submerged freshwater plants, is the exploita- 
tion of bicarbonate (HCO; ) (4, 6), which is 
derived from mineral weathering of soils and 
rocks in the catchment. Bicarbonate is the 
dominant form of inorganic carbon in fresh 
waters when the pH is between ~6.3 and ~10.2, 
and its concentration often exceeds that of 
CO, by a factor of 10 to 100 (6). The ability to 
use bicarbonate is present in most taxonomic 
groups and appears to have evolved indepen- 
dently in cyanobacteria, eukaryotic algae, and 
vascular aquatic plants (7). This shows the 
fundamental importance of bicarbonate use to 
plant fitness (6); increase of photosynthesis, 
growth, and primary productivity at higher 
bicarbonate concentrations has been docu- 
mented (8-10). However, bicarbonate use is 
not ubiquitous, because it involves costs as well 
as benefits. Costs include energy, as it is an 
active process (17) and rates of photosynthesis 
at limiting concentrations of inorganic carbon 
are greater in CO, users than in bicarbonate 
users (5, 12). Thus, where CO, concentrations 
are substantially above air saturation, as is often 
the case in streams, the benefit of bicarbonate 
use will be reduced (73). Furthermore, obligate 
CO, users can exploit alternative CO, sources 
in the air, lake sediment, or the water overly- 
ing the sediment (/4), allowing continued 
photosynthesis without the need to invest in 
mechanisms required for bicarbonate use. 
We hypothesized that because limitation of 
photosynthesis by inorganic carbon supply is 
widespread in freshwater plants, the relative 
concentrations of bicarbonate and CO, at a 
particular site should determine the propor- 
tion of plants that are obligate CO, users versus 
bicarbonate users. Because geochemical catch- 
ment characteristics determine bicarbonate 
concentration, there should be broad bio- 
geographical patterns in the proportion of 
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freshwater plants able to use bicarbonate, 
whereas at a smaller scale both the CO, and 
bicarbonate concentrations in lakes and 
streams might structure the functional group 
composition. 

To test these hypotheses, we generated a 
database of freshwater angiosperms and their 
ability to use bicarbonate as an inorganic carbon 
source, based on data found in the literature. 
These were complemented with new data we 
gathered on 35 species from mainly tropical 
regions where few prior data existed (table S1) 
(15). The resulting 131 species represent ~10% 
of known species with a submerged life stage 
(16), and of these, 58 (44%) can use bicarbo- 
nate. To quantify the distribution of bicarbo- 
nate users versus CO, users, we used: (i) ~1 
million geo-referenced plant records, (ii) global 
plant ecoregion species lists, and (iii) 963 site- 
specific plant compositions from Northern 
Hemisphere lakes and streams (fig. S1). In each 
of the investigated 963 sites, plant composition 
was related to measured concentrations of CO, 
and bicarbonate. The geo-referenced plant re- 
cords and ecoregion species lists were linked to 
local bicarbonate concentrations derived from 
a constructed global map of bicarbonate con- 
centrations (fig. S2) (15). 

In the analyzed lake and stream sites, con- 
centrations of both bicarbonate and CO, af- 
fected the occurrence of obligate CO». users 
versus bicarbonate users, albeit differently within 
and between lakes and streams (Fig. 1 and fig. 
$3). The chance of observing a bicarbonate 
user in lakes and streams correlated directly 
with concentrations of bicarbonate and CO, 
[AHabitat = 0.82 (-1.64, 0.01); mean (95% 
confidence interval); A represents the differ- 
ence between streams and lakes in parameter 
estimates on a log(odds) scale (fig. S3)] (Fig. 
1A). However, with increasing bicarbonate 
concentrations, the likelihood of observing a 
bicarbonate user increased in lakes but not in 
streams [ABpicarbonate = —0.82 (-1.10, -0.54)] 
(Fig. 1B) [see (15) for an explanation of B]. 
Moreover, with an increase in COs, the chance 
of observing a bicarbonate user decreased in 
both habitat types [ABco2= —0.04 (—0.22, 0.13)] 
(Fig. 1C). The present study shows that the 
concentration of bicarbonate has a different 
effect on the proportion of bicarbonate users 
in lakes versus streams. Unlike in lakes, no re- 
lationship between bicarbonate availability and 
bicarbonate users was found in streams. This 
upholds our hypothesis that where concentra- 
tions of CO, are high, the competitive advan- 
tage of using bicarbonate as a carbon source 
for photosynthesis will be reduced even if bi- 
carbonate is available. 

Across global plant regions (17), the shift- 
ing proportions of bicarbonate users versus 
obligate CO, users showed distinct spatial 
patterns (Fig. 2A). Compared to the overall 
mean, a higher proportion of bicarbonate users 
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Fig. 1. Bicarbonate use in submerged freshwater plant communities. concentration. Values >1 indicate a higher likelihood (A) or increase in likelihood 


(A) Likelihood of observing a bicarbonate user versus a CO> user in streams (n = 172 (B and C) of observing a bicarbonate user versus a CO> user with a one-unit increase 
samples; red) and lakes (n = 791 samples; blue). (B and ©) Modeled odds of observing _in bicarbonate (B) or COz (C) concentration. The dotted vertical lines show mean 
a bicarbonate user versus a COz user as a function of bicarbonate (B) or COz (C) estimates, and shaded areas show the 95% confidence limits around the mean. 
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(B) Relationship between mean bicarbonate concentration in plant regions and around the means. 


Iversen et al., Science 366, 878-881 (2019) 15 November 2019 2 of 4 


RESEARCH | REPORT 


Species 
© Potamogeton crispus 


A Potamogeton polygonifolius 


1 2 3 
Bicarbonate (mM) 


Bicarbonate (mM) 
L) <0.7 
i 0.7 -1.3 
i 1.3-2.0 
2.0 -3.0 
H3.0< 


250 
ee Kilometers 


Fig. 3. Steep gradients in bicarbonate concentrations and spatial separation in species distribution in the 
British Isles. Distribution of two pondweed species with contrasting bicarbonate use in the British Isles. Potamogeton 
polygonifolius (obligate COz user; black triangles) is found in areas with lower bicarbonate concentrations than are 
present where Potamogeton crispus (bicarbonate user; white circles) is found. The top left inset shows the density 
distribution of the two species across bicarbonate concentrations. Bicarbonate concentrations are from the global 
bicarbonate map (fig. S2), and species data were extracted from the geo-referenced plant occurrences (15). 


was observed in Africa, temperate Asia, and the 
northern part of North America (Fig. 2A). 
Globally, species using bicarbonate were found 
in areas with higher bicarbonate concentra- 
tions [bicarbonate users — CO, users = 0.16 mM 
(0.02, 0.30)] (Fig. 2C; see Fig. 3 for a local 
example). The proportion of bicarbonate-using 
species increased with bicarbonate concentra- 
tion within ecoregions [f = 0.14 (0.05, 0.24)] 
(Fig. 2B). Because catchment geology and 
geological history shape the distributions of 
lakes and rivers, as well as the bicarbonate 
concentrations in freshwater ecosystems (8, 19), 
they are the chief determinants of plant dis- 
tributions in fresh waters. CO, concentrations 
are largely regulated by local CO, supersatu- 
rated inflow (20) and ecosystem metabolism, 
making modeling difficult at large spatial scales 
(19, 21). Thus, future models of freshwater CO2 
concentrations may improve the prediction of 
plant distributions even further. Although global 
lake and river data exist to some extent as 
annual means (22), given the temporal varia- 
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bility in CO, concentration, the appropriate 
concentration would be that during the grow- 
ing season at the specific site (20). 
Anthropogenic changes as a consequence of 
deforestation, cultivation of land, application 
of nitrate fertilizers, and reduced atmospheric 
acid deposition (23) are causing large-scale in- 
creases in bicarbonate concentrations (24, 25). 
The observed increasing bicarbonate concen- 
trations are expected to cause a severe impact 
on bicarbonate-poor lakes, because higher bicar- 
bonate concentrations will markedly change 
species composition (26) by allowing tall, fast- 
growing bicarbonate users to colonize and sup- 
press smaller species adapted to the use of CO, 
alone in or near the sediment (27). There is 
evidence for reestablishment of species that 
are able to use bicarbonate, after the bicar- 
bonate has increased because of liming (28) 
or as a result of reduction in acid deposition 
(29). Moreover, systematic changes in species 
composition caused by changes in CO, con- 
centration have also been demonstrated in a 
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river system where the proportion of CO, users 
declined as CO, decreased downstream (13). In 
contrast, increasing atmospheric CO, concen- 
trations, even if they influence dissolved COs, 
will have little effect on the abundance of bi- 
carbonate users, because increases in CO, will 
be small relative to bicarbonate concentra- 
tions and will have little effect on plant 
photosynthesis rate (30). 

Our study shows that bicarbonate use by 
aquatic angiosperms is widespread in fresh 
waters around the globe and that the pro- 
portion of obligate CO. users to bicarbonate 
users is significantly related to the bicar- 
bonate concentration. Among terrestrial plants, 
the evolution of leaf traits and different photo- 
synthetic pathways that enable rapid carbon 
assimilation and improved water economy (37) 
has resulted in global biogeographical patterns 
that are linked to variations in climate (32, 33). 
In contrast, for freshwater plants, we show that 
biogeographical patterns of bicarbonate use 
exist and that these are caused by catchment 
properties that determine the concentrations 
of bicarbonate and COs. This insight will help 
evaluate the repercussions of future changes 
in concentrations of bicarbonate and CO, on 
the biodiversity and ecosystem functions for 
fresh waters. 
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Myocarditis can develop into inflammatory cardiomyopathy through chronic stimulation of myosin heavy 


chain 6-specific T helper (T\4)1 and T,,17 cells. However, 


mechanisms governing the cardiotoxicity programming 


of heart-specific T cells have remained elusive. Using a mouse model of spontaneous autoimmune 


myocarditis, we show that progression of myocarditi 
myosin-specific T,,17 cells imprinted in the intestine 


is to lethal heart disease depends on cardiac 
by a commensal Bacteroides species peptide 


mimic. Both the successful prevention of lethal disease in mice by antibiotic therapy and the significantly 
elevated Bacteroides-specific CD4* T cell and B cell responses observed in human myocarditis patients 
suggest that mimic peptides from commensal bacteria can promote inflammatory cardiomyopathy in 
genetically susceptible individuals. The ability to restrain cardiotoxic T cells through manipulation of the 
microbiome thereby transforms inflammatory cardiomyopathy into a targetable disease. 


yocarditis is an inflammatory heart 
disease that can develop into lethal 
cardiomyopathy (/-3). Acute immune 
activation during myocarditis is as- 
sociated with the generation of auto- 
immune responses against myosin heavy chain 
6 (MYH6) (4-7). Subsequent chronic stimula- 
tion of MYH6-specific T helper (Ty)1 and 
Ty17 cells precipitates inflammatory cardio- 
myopathy (8-17). The progressive nature of 
autoimmune and chronic inflammatory dis- 
eases is determined by genetic susceptibility 
and distinct environmental conditions (72, 13). 
Susceptibility to inflammatory cardiomyopathy 
can be associated with HLA-DQB1* polymor- 
phisms (74, 15), whereas infection with patho- 
gens predisposes patients, due to the death of 
cardiomyocytes and excessive presentation of 
self-antigens, to major histocompatibility com- 
plex (MHC) class II-restricted T cells (16). Al- 
ternatively, the antigenic mimicry of microbial 
components may drive these diseases (16-19). 
To assess whether heart-specific T cells 
cross-react with microbial components, we 
used transgenic mice expressing a MYH6- 
specific T cell receptor on more than 95% of 
their CD4* T cells (TCRM) (10). All TCRM mice 
developed spontaneous autoimmune myocar- 
ditis, and ~50% of the animals progressed to 
lethal cardiomyopathy under specific pathogen- 
free (SPF) housing conditions (Fig. 1, A to D). 
In contrast, the lack of a commensal micro- 


biome under germ-free (GF) conditions blunted 
the lethal disease outcome (Fig. 1A), abro- 
gated cardiac dilatation (Fig. 1B), substan- 
tially reduced cardiac fibrosis (Fig. 1C), and 
significantly reduced disease severity (Fig. 1D). 
Echocardiographic analysis revealed that the 
hearts of GF TCRM mice functioned normally 
despite low-level cardiac inflammation (Fig. 1, 
Eto G). Recolonization of GF TCRM mice with 
the SPF microbiome (fig. SIA) precipitated 
progression to lethal disease in ex-GF mice 
within 6 to 12 weeks (Fig. 1H), significantly 
exacerbated cardiac inflammation (Fig. 11), 
and impaired cardiac function (fig. $1, B to D). 
Moreover, microbial colonization of GF TCRM 
mice exacerbated cardiac immune cell infil- 
tration (Fig. 1J), including transgenic MYH6- 
specific CD4* T cells (Fig. 1K). The activity of 
heart-infiltrating TCRM Ty17 cells (Fig. 1L), 
but not Ty] cells (Fig. 1M), depended on the 
microbial status of the mouse. Cohousing 
increased the fraction of both Ty1 (Fig. 1M) 
and Tyl17 heart-specific CD4* T cells (Fig. 1L) 
and promoted the accumulation of inflamma- 
tory myeloid cells in the heart tissue (Fig. 1, N 
to Q, and fig. S1, E to H), including inflamma- 
tory monocytes (Fig. 10), activated macrophages 
(Fig. 1P), and resident macrophages (Fig. 1Q). 
Thus, the presence of the microbiota fosters the 
imprinting of a Ty17 phenotype in heart-specific 
CD4* T cells and favors the accumulation of 
myeloid cells in the myocardia of TCRM mice. 


Heart-infiltrating CD4* TCRM cells showed 
significantly elevated expression of gut-homing 
receptors under SPF compared with GF condi- 
tions (Fig. 2A), and they homed to the T cell 
zones of colonic patches (Fig. 2B), colonic lymph 
nodes, and mesenteric lymph nodes in an adop- 
tive transfer-model (fig. S2, A to C). Transferred 
TCRM T cells proliferated initially in the lamina 
propria, the colonic lymph node, and the me- 
diastinal lymph node, and they subsequently 
migrated to the heart tissue (Fig. 2C and fig. 
S2D). Th cell responses in the hearts of TCRM 
mice were dominated by Ty] cells (fig. S2E), 
whereas the colonic lamina propria environ- 
ment fostered the differentiation of T;;17 cells 
(fig. $2, E and F). Next-generation sequencing 
of fecal 16S ribosomal RNA (rRNA) genes re- 
vealed that cohoused transgene-negative (Tg ) 
and TCRM mice possessed disparate micro- 
biomes (fig. S2G). Cohousing with GF TCRM 
mice (fig. S2H) showed that the microbiome 
of ex-GF TCRM mice was more similar to the 
SPF TCRM microbiome than the SPF wild-type 
microbiome (Fig. 2D) and suggested that GF 
TCRM mice acquired the microbiome of SPF 
TCRM mice (Fig. 2E and fig. $21). An in silico 
search revealed two potentially cross-reactive 
6-galactosidase (f-gal) mimic peptides in 
Bacteroides thetaiotaomicron (B. theta) and 
B. faecis with high similarity to MYH6 (table 
SI). CD4* TCRM T cells exhibited a functional 
avidity of 6.3 x 10°° M for the B. theta peptide 
(fig. S3A), facilitating the efficient activation 
of TCRM T cells in vitro and in vivo (Fig. 2, F 
to H). Monocolonization of GF TCRM mice 
with B. theta or Escherichia coli (E. coli), or 
with our SPF microbiota (fig. S3C), showed 
that B. theta monocolonization fostered mainly 
the induction of Ty17 cells (fig. S3D). Mono- 
colonization of GF TCRM mice with a B. theta 
mutant lacking the B-gal BT1626 gene encod- 
ing for the MYH6 peptide mimic (B. theta 
Afgal) (fig. S3, E and F) or the parental strain 
resulted in the efficient seeding of the gut with 
both strains (fig. S3G). However, recolonization 
of TCRM mice with B. theta ABgal reduced the 
accumulation of immune cells in the myocar- 
dium (Fig. 21) and significantly diminished the 
activity of myosin-specific Ty17 cells in the 
heart and colon (Fig. 2J). Moreover, the pres- 
ence of TCRM cells substantially increased the 
production of immunoglobulin A (IgA) against 
commensal microbiota under SPF condi- 
tions (fig. S3, H and I), whereas the absence 
of the cross-reactive epitope in B. theta ABgal 
led to a significantly reduced IgA response in 
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Fig. 1. Microbiome-dependent transition of autoimmune myocarditis to 


dilated cardiomyopathy. (A) Survival of TCRM mice 
conditions. wk, weeks. (B) Gross pathology of hearts 
TCRM and age-matched GF TCRM mice. Scale bar, 4 


analysis of hearts of 12-week-old TCRM mice kept under SPF or GF conditions, 
using hematoxylin-eosin (HE) and Elastica-van Gieson (EVG) staining. Scale 
TCRM mice under SPF and 


bar, 100 um. (D) Histopathological disease severity in 


> 


under SPF or GF 
from 12-week-old SPF 


progression. Dots represent individual mice and lines indicate median values. 
Enumeration of heart-infiltrating cells: (J) CD45* cells and (K) myosin-specific 
CD4* T cells (VB8*CD4"); (L) IL-17- (interleukin-17-) and (M) IFN-y- 

mm. (C) Histological producing heart-infiltrating MYH6-specific CD4* T cells (VB8*CD4*). (N to Q) 
Heart-infiltrating myeloid cell subsets analyzed by flow cytometry. (N) 
Representative t-distributed stochastic neighbor embedding (t-SNE) plots of 
CD11b*Ly6G° cells in the hearts of SPF TCRM mice. Enumeration of (0) 


GF conditions, determined at the indicated ages. Dots represent values of inflammatory monocytes, (P) MHCII"' macrophages, and (Q) CD11b"CCR2- 


individual mice and lines indicate median values. ns, not significant. (E to 


G) Echocardiographic parameters in SPF or GF TCR 


negative littermates of controls (Tg) with (E) ejection fraction, (F) fractional 


shortening, and (G) systolic left ventricular internal di 


determined in individual mice. (H to Q) GF TCRM mice were transferred to 
SPF conditions and cohoused with SPF TCRM mice from 4 (CoH 4 wk) or 


8 (CoH 8 wk) weeks of age until analysis. For compari 


mice and in transgene- 


ameter (LVID sys) 


son, TCRM mice under GF 


or SPF conditions were used. (H) Prospective surviva 


indicate the age of transfer to SPF conditions. (I) Histopathological disease 


monocolonized TCRM mice (Fig. 2, K and L). 
Thus, heart-specific CD4”* T cells can shape 
the colonic microbiome, and distinct bac- 
terial communities—in this case, Bacteroides— 
provide mimic peptides that can activate MYH6- 
specific CD4* T cells. 

Modification of the microbiome by antibiotic 
treatment (fig. S4A) prevented lethal cardio- 
myopathy (Fig. 3A) and reduced cardiac in- 
flammation (Fig. 3B). Adoptive transfer of TCRM 
splenocytes into antibiotics-treated RagT ' ' mice 
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analysis. Arrowheads 


(fig. S4B) revealed that broad-spectrum anti- 
biotics not only reduced B. theta levels in fecal 
samples (Fig. 3C) but significantly ameliorated 
cardiac disease at day 28 after adoptive trans- 
fer (Fig. 3D). There was a significantly reduced 
accumulation of CD45* immune cells (Fig. 3E) 
and TCR-transgenic CD4" T cells (Fig. 3F) in 
the hearts of Ragr! ~ recipients treated with 
various antibiotics. Broad-spectrum antibiotic 
regimens primarily reduced immune cell ac- 
cumulation in the colons (fig. $4, C and D), but 
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cardiac-resident macrophages. Dots represent individual mice and lines indicate 
mean values. Pooled data from two independent experiments with n = 4 to 

7 mice [(J), (K), (O) to (Q)] or three independent experiments with =15 mice 
{(A) and (H)], 212 mice [(B), (C), and (D)], 26 mice [(E) to (G)], or =7 mice 
{(L) and (M)] per group. Representative micrographs from one out of at least 
12 mice [(B) and (C)]. Statistical analysis was performed using Mantel-Cox 
test (A) or Kruskall-Wallis H test [(D) and (I)] or one-way analysis of variance 
(ANOVA) with Dunnett's multiple comparison test [(E) to (G), (J) to (N), and 
(O) to (Q)] with *P < 0.05; **P < 0.01; ***P < 0.001. 


not in the spleens (fig. S4E), and had a pro- 
nounced impact on the cytokine production 
by heart-infiltrating and colonic Ty17 cells. 
Tyl cell activity was also reduced, but to a 
lesser extent (Fig. 3G and fig. S4, F and G). 
Antibiotic treatment reduced B. theta-specific 
IgG antibody levels, but the treatment had 
variable effects on IgG antibody responses 
against B. distasonis, B. vulgatus, or E. cloacae 
(Fig. 3H). Moreover, the adoptive transfer of 
heart-specific TCRM cells to BALB/c mice 
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Fig. 2. Interaction of MYH6-specific CD4* T cells 
with the intestinal microbiome. (A) Flow cytomet- 
ric analysis of a487-integrin and CCR6 in heart- 
infiltrating MYH6-specific cells from SPF or GF TCRM 
mice. (B and C) Location and proliferation of 
carboxyfluorescein succinimidyl ester (CFSE)-labeled 
TCRM cells after adoptive transfer to Rag] mice. 
(B) Confocal microscopy analysis of colonic patches at 
day 3 after adoptive transfer. Scale bar, 100 um. DAPI, 
4'6-diamidino-2-phenylindole. (C) Proliferation of 
MYH6-specific cells. CFSE dilution in the indicated 
organs and at the indicated time points is quantified by 
flow cytometry. Bars indicate mean values. nd, not 
detectable; LN, lymph node; LP, lamina propria; MedLN, 
mediastinal lymph node. (D and E) Fecal bacterial 
composition of transgene-negative littermate controls 
(Tg ), SPF TCRM, and GF TCRM mice cohoused 
at 4 weeks of age under SPF conditions by 16S rRNA 
sequencing. (D) Principal component (PC) analysis. 
(E) Heat map of the relative abundance of the indicated 
bacterial classes and families. (F to H) MYH6-specific 
CD4* T cell cross-reactivity. (F) In vitro proliferation 
of CD4* T cells from TCRM mice after restimulation 
YH6, B-gal peptide from Bacteroides, or cysteine 
hydrolase-derived peptide from £. cloacae determined 
by CFSE-dilution assay. (G and H) Cytokine production 
of heart- and colon-infiltrating, VB8-expressing CD4* 
T cells from SPF TCRM mice after ex vivo restim- 
ulation with MYH6 or Bacteroides B-gal peptides. Dots 
epresent values from individual mice, lines indicate 
mean values. (I to L) GF TCRM mice were mono- 
colonized with B. theta wild type (B. theta WT) 
or B. theta lacking the B-galactosidase BT1626 
(B. theta AB-gal). (| and J) Flow cytometric ana 
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(I) heart-infiltrating cells and (J) MYH6-specific cytokine producing cells in the heart and colon. Dots represent values from individual mice and lines indicate mean values. (K and 
L) IgA-bound fecal bacteria determined by bacterial flow cytometry (K) and pooled data from individual mice. Lines indicate mean values (L). SSC, side scatter; PE, phycoerythrin. 


Pooled data from n = 6 [(A 


to (E), (J) to (L)], n = 7 (G), and n = 5 (H) mice from at least two independent experiments. Representative plots showing percentage + SEM (A). 


Representative histograms from two independent experiments with duplicates (F). Representative plots and percentage values of IgA-bound bacteria are indicated (K). Statistical 
analysis was performed using Student's t test [(A), (G), (H), (), (J), and (L)] or one-way ANOVA with Tukey's multiple comparison test (E) with *P < 0.05; ***P < 0.001. 


Fig. 3. Impact of antibiotic treatment on lethal heart disease and 
immune reactivity in the TCRM model. (A) Survival of and (B) disease 


severity in TCR 


mice after postweaning treatment with a broad-spectrum 


antibiotics combination comprising sulphadoxine, trimethoprim, and metro- 


nidazole (S+T+ 
Dots represent 


). Disease severity was determined 


in 20- 
values of individual mice and bar indicates mean disease 


week-old mice. 


severity. Abx, StT+M. (C to H) Rag” mice were adoptively transferred with 
10° TCRM splenocytes to induce fast progressing myocarditis; mice were 


treated or left untreated with the indicated oral antibiotics 
(day 28 after adoptive transfer). (C) B. theta quantification 


until analysis 
in feces by 


quantitative polymerase chain reaction. (D) Histopathological analysis of 


hearts. Dots represent values of individual mice and 


lines indicate median 


disease severities. (E and F) Quantification of heart-infiltrating CD45* cells 
(E) and VB8-expressing CD4* T cells (F). (G) Cytokine production of heart- 


infiltrating MYH6-specific VB8°CD4" T cells. (C and E to G 


Box-and-whisker 


plots show mean values + the interquartile range; black dots indicate outliers. 
(H) Heat map of the specific IgG responses against B. theta, B distasonis, 
B. vulgatus, and E. cloacae determined by enzyme-linked immunosorbent 
assay (ELISA). Pooled data from two to three independent experiments 
with n = 7 to 10 [(A) and (B)] and n = 5 to 13 [(C) to (H)]. Statistical analysis 
was performed using the Mann-Whitney U test (B); or one-way ANOVA 
with Dunnett's multiple comparison test [(C), (E) to (H)] or Kruskal-Wallis 
H test (D) with *P < 0.05; **P < 0.01; ***P < 0.001. 
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Fig. 4. Immune reactivity A 
against Bacteroides and 
cardiac myosin antigens 

in human myocarditis 
patients. (A) Analysis of 

B. theta—-specific IgG anti- 
bodies in sera of myocarditis 
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indicate patients with high or 
low anti-B. theta antibody 
levels, respectively. Dots 
represent individual anti- 
body levels and lines 
indicate mean values. A, 
absorbance. (B) Ejection 
fraction (EF) and 

(C) C-reactive protein 
(CRP) values in patients 
from the AMITIS cohort at 
the indicated time points. 
Dots represent individual 
values and lines indicate 
mean values. (D) Compo- 
site clinical scores of myo- 
carditis patients from 

the AMITIS cohort with low J 
versus high IgG antibodies 
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F) Serum B. theta-specific IgG levels in patients from the Micro-DCM cohort at admission. Dots represent individual patient values and lines 


indicates mean values. (G) Heat map of antibacterial IgG reactivity. (H) Heat map representing the in silico predicted binding of the MYH6¢14-629 peptide or the B. theta 
B-galy;-25 peptide to prevalent HLA-DQ alleles. (I) IFN-y enzyme-linked immunospot (ELISPOT) analysis of peripheral 
volunteers (n = 10) or Micro-DCM cohort patients (HLA-DQB1*03 n = 9; other HLA n = 8) after stimulation with the human MYH6¢ 4.629 peptide or the B. theta B-galy-25 
peptides. Violin plots show mean values + interquartile ranges. (J) Correlation between MYH6- or B-gal IFN-y-producing cells in myocarditis patients and healthy 


individuals with the indicated HLA-DQB1I alleles. Dots represent indi 


blood mononuclear cells of HLA-DQB1*03 healthy 


vidual subjects. r, Pearson correlation coefficient; R°, coefficient of determination. (K and L) Enumeration of 


heart-infiltrating CD45* immune cells (K) and CD4* T cells (L) in ex-GF recipient mice 4 weeks after fecal microbiome transplantation (FMT). Dots represent values of individual 
mice and bars indicate mean values. Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple comparison test [(A) to (C) and (I)] or Mann-Whitney U test 


(D) or Student's t test [(E) to (G)] and 


significantly enhanced anti-B. theta anti- 
body responses (fig. S4H). Therefore, heart- 
specific CD4* T cells specifically interact with 
microbial components in the intestine, thereby 
affecting systemic immune reactivity. 

To establish translational relevance of these 
findings, we assessed serum anti-Bacteroides 
IgG responses from human patients with biopsy- 
confirmed acute myocarditis (table S2) (20). 
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[(K) and (L)] or the Pearson 


correlation coefficient with two-tailed P-value calculat 


These patients showed significantly elevated 
B. theta-specific IgG responses when compared 
with a healthy control group (Fig. 4A). Clinical 
improvement of these myocarditis patients 
(Fig. 4, B and C) was accompanied by a reduc- 
tion in seroreactivity against B. theta (Fig. 4A). 
Patients with low anti-B. theta IgG reactivity 
(black box in Fig. 4A) showed a combined 
clinical score (fig. S5, A to C) that was signif- 


15 November 2019 


ion (J) with *P < 0.05; **P < 0.01; ***P < 0.001. 


icantly lower than that of the high-responder 
group (Fig. 4D). Although IgG antibodies 
against B. theta in myocarditis patients were 
diminished during subsequent visits (Fig. 4A), 
anti-E. cloacae antibodies (fig. S5D), anti-E. 
coli antibodies (fig. S5E), and total serum IgG 
levels (fig. SSF) did not change significantly. 
Moreover, IgG antibody reactivity against other 
Bacteroides species did not differ between 
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myocarditis patients and healthy controls 
(Fig. 4E). Likewise, myocarditis patients re- 
cruited in a prospective clinical study (table 
S3) showed significantly elevated anti-B. theta 
IgG antibodies (Fig. 4, F and G) when com- 
pared with healthy volunteers (table S4). Bio- 
informatics analysis of binding affinities of 
the B. theta B-gal,;.25 peptide mimic indicated 
several HLA-DQA1*/B1* combinations that 
are also predicted to bind human MYH6¢ 4.629 
(Fig. 4H). Peripheral blood T cells from patients 
exhibited significantly higher interferon-y 
(IFN-y) reactivity against the MYH6 and f-gal 
peptides when compared with healthy controls 
(Fig. 41). Moreover, there was a highly signifi- 
cant correlation between MYH6 and f-galy;95 
peptide reactivity (Fig. 4J), indicating that 
heart-specific CD4* T cells cross-react with the 
bacterial peptide in human myocarditis pa- 
tients. Finally, GF TCRM and Tg mice (fig. 
S5, K and L) received fecal transplants from 
myocarditis patients positive or negative for 
B. theta. The accumulation of immune cells 
(Fig. 4, K and L) was significantly increased 
only in the hearts of TCRM mouse recipients 
given transplants from patients positive for 
B. theta. Thus, it is conceivable that inflam- 
matory cardiomyopathy in humans is driven, 
at least in part, through the activation of heart- 
specific Th cells by bacterial peptide mimics 
derived from the intestinal microbiota. 
Overall, in this scenario, cross-reactive CD4* 
T cells primed in the intestine can enter the 
myocardium and exacerbate the damage 
caused by infection by cardiotropic viruses or 
subclinical myocardial infarction (fig. S5M). 
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Likewise, the loss of control over self- and cross- 
reactive T cells during immune checkpoint 
inhibitor therapy may be a reason for poten- 
tially lethal cardiac inflammation in patients 
who share particular HLADQAI*/BI* alleles 
(21-23). Thus, targeting the microbiome of 
genetically predisposed myocarditis patients 
or susceptible patients undergoing checkpoint 
inhibitor treatment through antibiotics may 
alleviate disease severity and may therefore 
help prevent the potentially lethal sequelae of 
inflammatory cardiomyopathy. 
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The role of multiple global change factors in driving 
soil functions and microbial biodiversity 


Matthias C. Rillig'?*+, Masahiro Ryo"2*, Anika Lehmann’, Carlos A. Aguilar-Trigueros*”, 
Sabine Buchert', Anja Wulf, Aiko Iwasaki*?, Julien Roy’?, Gaowen Yang*? 


Soils underpin terrestrial ecosystem functions, but they face numerous anthropogenic pressures. 
Despite their crucial ecological role, we know little about how soils react to more than two environmental 
factors at a time. Here, we show experimentally that increasing the number of simultaneous global 
change factors (up to 10) caused increasing directional changes in soil properties, soil processes, and 
microbial communities, though there was greater uncertainty in predicting the magnitude of change. Our 


study provides a blueprint for addressing multifactor change with an efficient, broadly applicable 
experimental design for studying the impacts of global environmental change. 


lobal environmental change is a multi- 
factorial phenomenon, and the concur- 
rent action of multiple factors gives rise 
to large uncertainty in predicting effects 
[sensu (1)]. Soils are affected by multiple 
factors, but we do not know the effects of these 
factors when they act in concert. Understand- 
ing soils is important, because they provide a 
range of ecosystem functions, including carbon 
storage, and are central to agriculture and 
sustainable management. To address the im- 
pact of multiple drivers of global change, 
ecologists have used many tools, including 


Fig. 1. Results from a literature A 


observational approaches such as studying 
complex environmental gradients (2), long- 
term time series (3), and modeling (4). How- 
ever, in the canon of ecological approaches, 
experiments occupy a key role because they 
help establish causality between drivers and 
response (5). 

Given the multiple pressures that soils ex- 
perience, we first asked how ecologists have 
experimentally approached the study of global 
change in the context of soils. We conducted 
a systematic survey (Fig. 1), screening the 


literature on experimental studies of how global 


change factors affect soil biota and processes. 
For each paper in our survey [1228 papers 
matched our inclusion criteria out of 4202 
papers screened; (6)], we counted the num- 
ber of global change factors included in the 
experiment. About 80% of studies examined 
only a single factor, 19% looked at the inter- 
action of two factors, and only very few papers 
(<2%) tested the effects of three or more factors. 

Thus, although global change involves many 
factors, soil ecologists typically have conducted 
experiments varying only one or two factors at 
a time (Fig. 1A), a pattern that shows no signs 
of change over time (Fig. 1B) and that is un- 
likely to be specific to the study of soils (7). 
These studies are dominated by certain factors 
(e.g., fertilization, likely owing to ease of appli- 
cation; Fig. 1C) and by certain factor combi- 
nations, to the exclusion of others (Fig. 1D). 
The reasons for these patterns, which shape 
our present knowledge of soil and ecosystem 
ecology, include logistical limitations and 
cost, but it is also clear that the main tool for 
addressing the interaction of multiple factors— 
the factorial experiment—starts to break down 
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Fig. 2. Diagrams expressing the idea that the number of global change 
factors alone might predict general trends in changes of biodiversity 
and ecosystem processes. (A) Graphical representation of our hypothesis 
that biodiversity and ecosystem processes display a consistent directional 
change (this could be either an increase or decline, concave or convex; 
here, we only show a decline and only one possible curve shape) along the 
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number of environmental factors. (B) Graphical representation of the 
rationales behind this prediction, which are that with an increasing number 
of factors, there is an increased chance of including an influential factor 
(selection effect), that factors may increasingly affect different components 
(complementarity effect), and that factors may interact with each other, 
thus strengthening their effect (factor interaction effect). 


because of the combinatorial explosion prob- 
lem, that is, the rapid increase in possible com- 
binations with the number of factors (8). 

Although examining a particular factor com- 
bination may provide mechanistic insights, we 
propose that it is also useful to ask how soils 
might change when exposed to an increasing 
number of factors. Here, we experimentally 
show that an increasing number of global 
change factors causes directional change in soil 
properties, processes, and microbial commun- 
ities but that predicting the magnitude of the 
changes remains challenging. 

We examined the effects of an increasing 
number of these factors in combination using 
a design that takes inspiration from studies of 
biodiversity effects on ecosystem function (6, 9). 
In these designs, species are randomly selected 
from a pool along a gradient of species number 
(richness) in order to draw general conclusions 
about how changes in species number would 
affect ecosystem functions overall, regardless of 
species identity. Analogously, we here use a 
pool of 10 global change factors, from which 
we randomly selected a gradient of increas- 
ing factor number [see also (J0)], namely the 
levels 2, 5, 8, and 10 factors, each replicated 
10 times, thus testing if patterns of biodiversity 
and ecosystem processes show a consistent 
directional trend along the number of factors 
(Fig. 2). We tested abiotic factors (including 
temperature), resource availability, chemical 
toxicants and compounds (inorganic and syn- 
thetic organic), and an agent of physical change 
(nicroplastics). A system would rarely encoun- 
ter all 10 factors simultaneously, but it may 
encounter many of them, for example, in in- 
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tensive farming systems. Each replicate in these 
“factor richness” levels had a different, randomly 
determined combination of factors. 

At the single-factor level, some factors had 
neutral, negative, or positive effects on a num- 
ber of key responses, which included soil aggre- 
gation (a key component of soil structure), 
soil water repellency (water drop penetration 
time), decomposition, and soil respiration (Fig. 
3, A, E, I, and M). Therefore, predictions that 
combine single-factor effects often had broad 
confidence intervals [Fig. 3, B, F, J, and N; see 
(6) for how effects were combined]. Soil ag- 
gregation and soil water repellency changed 
strongly with eight or more factors, and effects 
deviated from predictions, indicating syner- 
gistic interactions. Nonetheless, in agreement 
with our prediction (Fig. 2), the changes in all 
response variables showed a consistent direc- 
tional change with the number of factors in- 
cluded [Fig. 3, C, G, K, and O; coefficient of 
determination (R”) = 13 to 52%, using random 
forest machine learning modeling]. Knowing 
factor identity increased the amount of varia- 
bility explained compared with just knowing 
the number of factors, but not for water re- 
pellency (Fig. 3, D, H, L, and P; and fig. S1). 

We also examined effects on soil biodiversity 
as measured by richness, community compo- 
sition, and its dispersion. Here, we focus on 
soil fungi, which are strongly related to the 
processes we measured [e.g., (11)]. We as- 
sessed communities of soil fungi using high- 
throughput sequencing (Illumina MiSeq), 
identifying 346 amplicon sequence variants 
(ASVs). A detailed description and analysis of 
the dataset is available (6). As in the results 
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for soil properties, we found directional changes 
related to the number of factors, namely a 
reduction in ASV richness and a shift in com- 
munity composition and dispersion (Fig. 4, 
D, H, and L; and figs. S2 and S3). For com- 
munity dispersion, the magnitude of the changes 
was unpredictable from the single-factor ef- 
fects (Fig. 4J). ASV-poor communities were a 
subset of ASV-rich communities [temperature = 
7.3, standard effect size (SES) = -8.3, p = 0.001]. 
When exposed to more factors, communities 
became species poorer (being mostly com- 
posed of generalist stress-tolerant fungi and 
losing mainly Basidiomycota; figs. S2 and S3). 

Our study expands understanding of the ef- 
fects of multiple global change factors on soils 
and shows that an increasing number of glob- 
al change factors cause directional changes 
in soil properties, processes, and microbial 
communities; however, predicting the mag- 
nitude of change was not always straight- 
forward (fig. S1). We found that there were 
“ecological surprises” that only became appar- 
ent at higher levels (especially 8 and 10) of 
factor interaction. This was best illustrated by 
the soil property “water repellency,” which 
was barely affected at the single-factor level 
but was greatly affected at the multifactor 
level. Such phenomena clearly render predic- 
tions of effects of global change more chal- 
lenging, but our results emphasize that simply 
projecting the direction of change and recog- 
nizing unpredictable impacts in the first place 
are important and a step toward achieving 
better predictions. 

Factors of global change will not be equally 
strongly expressed in all situations, and, in 


2 of 5 


6L0Z ‘8z JeqWeAON UO /Hio BewWweouslos’s0usI0S//:di1y Wo pepeojuUMOGg 


RESEARCH | REPORT 


Fig. 3. Effects on soil 
properties of different 
global change factors 
applied singly and using 
different numbers of 
factors (2, 5, 8, and 10 
interacting factors). (A to 
P) For each measured soil 
property [(A) to (D), (E) to 
(H), (I) to (L), and (M) to 
(P)], single-factor effects 
were estimated [(A), (E), 
(I), and (M)] and then used 
to predict multifactor 
effects based on three dif- 
ferent assumptions on how 
to combine multiple effect 
sizes [(B), (F), (J), and (N)]. 
An ideal prediction should 
have a small bias (accu- 
racy) and narrow confi- 
dence interval (Cl) 
(precision), but for (A) to 
(D) and (E) to (H), predic- 
tions were neither accurate 
nor precise, regardless of 
the assumption used. The 
predictions are made diffi- 
cult because the single- 
factor effects have large 
variability and/or because 
there are strong factor 
interactions. The direction 
of the treatment effects was 
consistent with an 
increasing number of 
factors for all properties 
(C), (G), (K), and (0)]. 
These curves were esti- 
mated using random forest 
machine learning, and their 
predictability is shown in 
(D), (H), (L), and (P) (dark 
blue). Predictability was 
improved by adding factor 
identity information (0/1 for 
each factor; dark yellow) or 
effect size information 
(predicted values based on 
three assumptions; dark 
green) to the models as 
predictors [(D), (H), (L), 
and (P)], but predictability 
did not always improve [see 
(H)]. The measured soil 
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reality, different combinations of factors may 
be at work. Nevertheless, our results offer gen- 
eral insights into system responses along such 
gradients of multiple global changes. As well 
as showing that factor number is important, 
data distributions also suggest that system re- 
sponses (measured by combining data from all 
response variables after standardization at a 
given factor-combination level) tended to de- 
velop in a bimodal-like pattern (fig. S4) and 
that this contributes to the observed unpre- 
dictability of the interactions. Such a bimodal 
pattern has been used to infer the occurrence 
of regime shifts (72). Regime shifts may be 
triggered by increasing diversity of drivers, 
but most experimental work on regime shifts 
has focused on single factors and has there- 
fore overlooked the possibly greater effects of 
multiple factors (13, 14). Responses converge 
again at the highest level (10 factors), but this 
is likely to be an artifact because factor level 
10 is, by necessity, one particular factor com- 
bination. It remains to be established if inter- 
mediate levels of factor richness have less 
predictable effects and how this depends on 
the particular composition of factors. 

Our experimental design was such that it 
could reveal trajectories for important aspects 
of ecosystem and biodiversity properties using 
a logistically feasible number of replicates (i.e., 
140). Therefore, the approach is applicable to 
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more complex systems, including plants and 
soil fauna, and possibly even in the field (table 
$2). Our literature survey and experimental 
results suggest the need to rethink global 
change biology with a focus on the number 
of factors and their higher-order interactions, 
and such a shift in focus would also benefit 
many other fields in which concurrent multiple 
factors are common (JO, 15-17). 
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SOLAR PHYSICS 


Generation of solar spicules and subsequent 


atmospheric heating 
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Spicules are rapidly evolving fine-scale jets of magnetized plasma in the solar chromosphere. It remains 
unclear how these prevalent jets originate from the solar surface and what role they play in heating the 
solar atmosphere. Using the Goode Solar Telescope at the Big Bear Solar Observatory, we observed 
spicules emerging within minutes of the appearance of opposite-polarity magnetic flux around dominant- 
polarity magnetic field concentrations. Data from the Solar Dynamics Observatory showed subsequent 
heating of the adjacent corona. The dynamic interaction of magnetic fields (likely due to magnetic 
reconnection) in the partially ionized lower solar atmosphere appears to generate these spicules and 


heat the upper solar atmosphere. 


olar spicules are small-scale, jet-like 
plasma features observed ubiquitously 
in the solar chromosphere, the interface 
between the visible surface (photosphere) 
of the Sun and its hot outer atmosphere 
(corona) (1-4). Spicules may play a role in the 
supply of energy and material to the corona 
and solar wind (4, 5). They often have lifetimes 
ranging from 1 to 12 min and are charac- 
terized by rising and falling motions with 
speeds of 15 to 40 kms‘ (J, 6). Some spicules 
may have apparent speeds of ~100 kms‘ and 


lifetimes less than 1 min (7). In on-disk obser- 
vations of the chromosphere, these spicules 
often appear as elongated, short-lived dark 
structures (8). Some spicules are heated to 
2100,000 K (9, 10). 

Theoretical models of spicules have included 
driving by shock waves (2, 3), Alfvén waves 
(11, 12), amplified magnetic tension (73), or 
magnetic reconnection (J4). However, obser- 
vations of their formation process are limited, 
owing to insufficient resolution and sensitiv- 
ity. Two observations revealed a tendency for 


the presence of opposite-polarity magnetic flux 
near magnetic field concentrations during the 
occurrence of some spicules (15, 16). However, 
further analysis did not yield an obvious associa- 
tion between spicules and magnetic field evolu- 
tion (16). 

We observed spicules (fig. SI) using the 1.6-m 
Goode Solar Telescope (GST) (17, 18) at the Big 
Bear Solar Observatory (BBSO). We performed 
Ho wing observations and simultaneous mag- 
netic flux measurements with GST’s Near Infra- 
Red Imaging Spectropolarimeter (NIRIS) (79). 
NIRIS enables us to obtain information on 
photospheric magnetic fields by spectropo- 
larimetric observations of the Fe 1 1.56 tm line 
(18) (figs. S2 and S3). Figure 1A shows a solar 
image at the blue wing (0.8 A from line core) 
of the Ha line. It is dominated by numerous 
elongated dark jets, i.e., spicules. These spicules 
mostly originate from the magnetic network, 
indicated by the locations of magnetic field 
concentrations with positive polarity (Figs. 1 
and S82). 

In addition to frequent individual spicules, 
occasionally several spicules originate simul- 
taneously from a small region, appearing as 
enhanced spicular activity at a single location 
(movie S1). These enhanced spicular activities 
are accompanied by the presence of weak 
magnetic elements with a polarity opposite 
to the dominant polarity of the magnetic 
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Fig. 1. Association 
of enhanced spicu- 
lar activities with 
opposite-polarity 
magnetic fields. 

(A) Ho blue wing 
image (gray-scale) 
overlain with a binary 
magnetic field map 
shown in blue and 
red, representing 
longitudinal flux 
densities of at least 
+10 Mx cm™ and 
-10 Mx cm”, 
respectively (1 Mx = 
10°° Wb; the unit of 
Mx cm” is equivalent 
to Gauss). Movie S1 
shows an animated 0 5 
version of this panel. 

Figure S1 shows the 
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location of this region, and observational parameters are listed in table S1. (B to J) Examples of enhanced spicular activities. Blue and red contours outline 
regions of +10 Mx cm for the longitudinal flux density. Axes are the same in different panels. The black circle (with a radius of 1 Mm) in each panel highlights a region 
around the footpoint of a region of enhanced spicular activity, where at least one small negative-polarity magnetic element is observed in each case. 
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Fig. 2. Enhanced spicular activity triggered by flux emergence (A to D) (movie S2) and flux cancellation (E to H) (movie S3). (A) Enhanced spicular 

activity in a Ho blue wing image. (C) Photospheric Doppler shift pattern of the same region. (B and D) Temporal evolution around the spicule footpoint region 
[dotted boxes in (A) and (C)]. Contour colors and levels are the same as in Fig. 1B. The arrow in (B) indicates the presence of an opposite-polarity flux. Panels 
(E) to (H) are the same as (A) to (D) but for a different region. 


network around their footpoints (Fig. 1, B to J). 
When spicules occur, these weak elements are 
typically within several hundred kilometers 
from the edge of the strong network fields. 
By contrast, the strong and evolving unipolar 
fields (present for a much longer time in the 
network) generally do not produce enhanced 
spicular activities. 

These enhanced spicular activities appear 
to be driven by the dynamical interaction of 
magnetic fields, often preceded by new flux 
emergence or appearance, and sometimes ac- 
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companied by apparent flux cancellation near 
the network edge. Figure 2, A to D, shows a 
patch of small-scale weak field with negative 
polarity that emerges near the strong positive- 
polarity network fields in the photosphere. 
Its coincidence with a patch of large blue 
shift of Fe 1 also indicates the emergence of 
the field (movie S2 and figs. S4 and S5). This 
flux emergence is followed within minutes 
by enhanced spicular activity, observed in 
the blue wing of Ho. Figure 2, E to H, shows a 
larger patch of weak negative-polarity field 
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that approaches the strong network fields; 
the subsequent flux cancellation leads to en- 
hanced spicular activity (movie S3). The flux 
cancellation takes place at the boundary of a 
convection cell that is characterized by red 
shifts of the Fe 1 line. 

Almost all the enhanced spicular activities 
that we observed are associated with emergence 
or appearance of negative-polarity fluxes and/or 
subsequent flux cancellation around the bound- 
ary of the positive-polarity magnetic network 
(Figs. 2 and S6 and movie S4). Furthermore, 
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Fig. 3. Connection of 
individual spicules to 
opposite-polarity 
magnetic fluxes. 20 my 
(A) The same image as 
Fig. 1A, overlain with an 
inner white circle (a radius 
of 5.25 Mm) representing 
the approximate bound- 
ary of the network, and 
an outer white circle 

3 Mm outside it. Black 
circles mark the footpoint 
egions of the same 
egions with enhanced 5 
spicular activity as shown 

in Fig. 1, B to J. Yellow 

circles have a radius of 0 
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mostly lie within the outer white circle. Movie S4 shows an animated version of this panel. (B to Q) Sixteen examples showing the presence of an opposite-polarity 
flux near the spicule footpoint (indicated by the yellow circles). Contour colors and levels are the same as in Fig. 1B. The white arrow in each panel indicates the direction 
adially outward from the center of the white circles. 


Fig. 4. Coronal connection of enhanced spicular activities (movie $5). (A) Ha blue wing image (grayscale) overlain with the simultaneously taken AIA 171 A 
image (yellow). Boxes indicate regions shown in the other panels. (B to E) Four examples showing the enhancement of coronal emission above regions of enhanced 
spicular activity (more examples are in fig. S8). The Ha blue wing and the same image overlain with the simultaneous AIA 171 A image are shown in each pair of 
panels. The white dotted boxes in (B) to (E) correspond to the black boxes (R1 to R4) in (A), respectively. 


many individual spicules appear to originate, 
sometimes repeatedly, from small-scale negative- 
polarity magnetic features located near the strong 
network fields (Fig. 3 and fig. S7). Although small- 
scale flux emerges or appears ubiquitously in 
the quiet Sun, our observations indicate that 
only when it is close to the strong network 
fields (often <3 Mm; Fig. 3 and movie S4) does 
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it generate spicules. For some small spicules, no 
opposite polarity is detected at their footpoints. 
Because the magnetograms have a spatial reso- 
lution (~150 km) about three times lower and 
a cadence (71 s) around 20 times slower than 
the Ha images, there may be smaller-scale or 
highly dynamic fields at the footpoints of these 
small spicules that we cannot detect. 
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Our results support the hypothesis that fast 
spicules originate from magnetic reconnection 
(14, 20, 21). It is possible that a subphotospheric 
local dynamo mechanism (22) or magneto- 
convection process (13, 23) generates weak 
magnetic fields close to the large-scale net- 
work fields. These small-scale weak fields may 
occasionally emerge into the photosphere and 
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rise to the chromosphere, where they could 
reconnect with adjacent or overlying network 
fields to produce spicules. Alternatively, an 
opposite-polarity magnetic element could ap- 
pear as a result of the coalescence and concen- 
tration of previously existing dispersed and 
unresolved fluxes (24), then reconnect with 
the network fields to generate spicules. 

Spicules might supply hot plasma to the 
solar corona (4, 5, 9). We analyzed coronal ob- 
servations of the same region with the At- 
mospheric Imaging Assembly (AIA) (25) on the 
Solar Dynamics Observatory (SDO) spacecraft 
(18). Most of the enhanced spicular activities 
are seen to channel hot plasma into the corona 
(Fig. 4, figs. S8 and S9, and movies S5 to S8). 
Coronal emission (visible in AIA images at 
171 A) generally appears at the top of the spic- 
ules. Our observations in a quiet-Sun region 
(fig. S1) complement previous observations 
(4, 26) that identified similar coronal signa- 
tures for some chromospheric upflow events 
observed above the solar limb or in on-disk 
active regions (regions around sunspots). Our 
observations reveal that magnetic reconnec- 
tion events at network boundaries can drive 
spicules and produce hot plasma flows into 
the corona, providing a link between magnet- 
ic activities in the lower atmosphere and 
coronal heating. It remains unclear whether 
this process can provide sufficient heating 
to explain the high temperature of the co- 
rona (27, 28). 

Heated material sometimes falls back from 
the corona (fig. S10 and movie S9), which could 
be responsible for the prevalent redshifts of 
emission lines formed in the chromosphere- 
corona transition region (29, 30). Our observa- 
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tions of the formation of spicules, the subsequent 
heating, and the return flows reveal a complete 
mass cycling process between the chromosphere 
and corona. 
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Thermally condensing photons into a coherently split 


state of light 
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The quantum state of light plays a crucial role in a wide range of fields, from quantum information 
science to precision measurements. Whereas complex quantum states can be created for electrons 

in solid-state materials through mere cooling, optical manipulation and control builds on 
nonthermodynamic methods. Using an optical dye microcavity, we show that photon wave packets 
can be split through thermalization within a potential with two minima subject to tunnel coupling. 
At room temperature, photons condense into a quantum-coherent bifurcated ground state. 

Fringe signals upon recombination show the relative coherence between the two wells, 
demonstrating a working interferometer with the nonunitary thermodynamic beam splitter. 

Our energetically driven optical-state preparation method provides a route for exploring 
correlated and entangled optical many-body states. 


chieving order by populating the ground 

state of composite systems, such as in 

the formation of the low-energy bonding 

superposition state of the H3-molecular 

ion or the singlet ground state of atomic 
helium, is the experimental basis of many quan- 
tum phenomena, including the emergence 
of strongly correlated electron physics upon 
the refrigeration of solids (7). The observation 
of phenomena such as superconductivity or the 
(fractional) quantum Hall effect also depends 
on this approach. Cooling to the ground state is 
the prime example for an irreversible temporal 
evolution that leads to a well-defined quantum 
state. For light, by contrast, reversible unitary 
processes (such as a beam splitter) are the 
standard manipulation tools, with irreversibility 
only possible when introducing photon loss (2). 
For classical physics phenomena, loss can be 
balanced with gain, and laser-like nonequilib- 
rium processes efficiently achieve macroscopic 
population of excited-state modes (3-5). En- 
tangled few-body states of light can be cre- 
ated through parametric down-conversion, 
which requires careful postselection when 
aiming at more than two entangled particles 
(6). Advances toward the ordering of complex 
optical quantum systems include the obser- 
vation of exciton-polariton and photon Bose- 
Einstein condensates (BECs) (7, 8). Although 
not thermalizing into the ground state of the 
multimode problem, recent work has demon- 
strated periodic potentials for both polariton 
and photon microcavity systems (9-12) and 
reported simulations of the classical XY model 
(13, 14). The fast time scales, in the picosecond 
regime for both photons and polaritons, make 
it impractical to temporarily alternate between 
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cooling and trap manipulation phases for op- 
tical quantum gases. Although this technique is 
used in the study of cold atoms in lattices, the 
required adiabatic mapping of the conden- 
sate state into the lattice is a main bottleneck 
to reach ultralow entropy states in those sys- 
tems (15). 

We thermalized light in a potential with 
two minima. Through contact to an external 
reservoir—that is, by means of an irreversible 
process—the system reaches a coherently split 
state. To achieve this, a double-well super- 
imposed with a shallow harmonic trapping 
potential is tailored by shaping mirror sur- 
faces in an optical dye microcavity. 

In our experiment (Fig. 1A), photons were 
trapped in a dye-filled microcavity. Two- 
dimensional photon gases in such dye micro- 
cavities show a thermodynamic phase transition 
to a macroscopically occupied ground state, the 
BEC (8, 16, 17). To engineer the desired potential, 
one of the two ultrahigh reflectivity cavity mir- 
rors (cavity finesse near 100,000) has a micro- 
structured surface profile, manufactured by use 
of a delamination technique (78). In brief, the 
profile is created by scanning an auxiliary laser 
beam transversally over the mirror plane, in- 
ducing heat from absorption in a 30-nm-thick 
silicon layer placed below the dielectric coat- 
ing (12). The heating causes a controlled local 
delamination of the reflective surface, which 
for the cavity results in a shorter distance be- 
tween mirrors at the corresponding transverse 
position. In the paraxial limit, this induces a 
repulsive potential for light, which intuitively 
means that shorter-wavelength (higher-energetic) 
photons are required to match the boundary 
conditions of the reflecting surfaces. 

A spatial profile of the structured mirror 
profile used for this work is shown together 
with a cut and the calculated potential for 
photons within the microcavity in Fig. 1B. Near 
the mirror center, two indents spaced by 13 um 
cause a double-well potential sufficiently shal- 
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low that only a single eigenfunction per site is 
trapped. Tunneling between the sites leads to 
a coupling of the localized wave functions, which 
hybridize to a symmetric y, = Zs (Wy + Wo) 
and an antisymmetric wave function wy, = 
Ti (w, — Wo), Where y; and yo denote the 
wave functions localized in the wells (Fig. 1C). 
The eigenenergies of the hybridized wave 
functions are split by 7A, where f is Planck’s 
constant h divided by 2x and A= 2n - 30 GHz 
denotes the tunnel coupling, with the sym- 
metric state y,, which is akin to the bonding 
state in molecular physics, being energetically 
lower than y, (the antibonding state). To allow 
for Bose-Einstein condensation in two dimen- 
sions, the double-well potential is superimposed 
with a weak harmonic trapping potential (8). 
Thermalization of photons was achieved by 
following methods described previously (8, 19). 
The two cavity mirrors, because of their small 
spacing in the micrometer regime, impose 
an upper limit of the optical wavelength that 
fits inside the resonator, corresponding to 
a restriction of energies to a minimum cutoff 
of hw. = 2.1 eV, which we identify here with 
the eigenenergy of the bonding state y, of the 
double well. Moreover, the optical dispersion 
of cavity photons in the paraxial limit becomes 
quadratic, the same as it would for a massive 
particle. Given that interparticle interactions 
are weak, (number-conserving) thermaliza- 
tion of photons was achieved by means of 
repeated absorption re-emission processes 
on the dye molecules, which occurred to the 
rovibrational temperature of the dye, which 
is at room temperature. Because of the frequent 
collisions of solvent molecules with the dye 
(18, 19), photons emitted by the dye mole- 
cules were thermally equilibrated in an ir- 
reversible process. Because of the large mode 
spacing in the wavelength-spaced cavity, of 
order of the emission width of the dye, 
thermalization leaves the longitudinal mode 
unchanged, whereas the remaining transverse 
degrees of freedom make the photon gas two 
dimensional. It has been shown (19) that 
the system is formally equivalent to a two- 
dimensional system of trapped massive bosons 
with effective mass mp, = ho,n”/c”, where n 
is the refractive index of the dye solution and c 
is the vacuum speed of light. To inject photons 
and compensate for losses, the dye is weakly 
pumped with a laser beam. Despite pumping 
and losses, the photon gas well follows an 
equilibrium Bose-Einstein distribution 


8 (Ui) 
exp (4) =7 
because photons thermalize faster than they 
are lost through, for example, mirror losses 
(20, 21). 


Here, 2; is the excitation energy above the 
cut-off, g; is the mode degeneracy, u is the 


(1) 


np (Ui) = 
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Fig. 1. Experimental environment. (A) Photons are trapped in a microresonator with a mirror spacing corresponding to an optical path of 5.5 wavelengths, where one 
mirror is laterally microstructured. The photons thermalize through radiative contact to the dye molecules (bottom schematics). Do = q4 describes the mirror 
spacing, where q is the longitudinal mode number and 4 is the optical wavelength. (B) Height profile of the microstructured mirror surface (main plot) and profile of 
the corresponding expected trapping potential for cavity photons (right), realizing a double-well structure in the center superimposed with a harmonic trapping 
potential. (C) Schematic energy level structure, with the symmetric eigenstate of the double well as the lowest energetic eigenstate. 
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Fig. 2. Spectrally resolved measurements. (A) Measured wavelength versus transverse position along the axis of the double well both below (top, N/Nc.exp = 0.94) 
and above (middle, N/Nc,exp = 1.05) the threshold to Bose-Einstein condensation (18). N, measured total photon number; Nc.xp, Measured critical photon number. 
The high-resolution spectra cover the range of the first nine lowest-energetic (highest-wavelength) modes. From right to left, the first two modes are the symmetric 
and antisymmetric modes of the double well, followed by modes not confined in the wells, which for the higher-order modes are well described by harmonic oscillator 
modes with a trap frequency of Q/2n = 63(2) GHz. The enhanced emission of the symmetric superposition observed in the latter image is attributed to Bose-Einstein 
condensation. a.u., arbitrary units. (Bottom) Spectra for different photon numbers. (B) Broadband, low-resolution spectra for different photon numbers (dots), 

along with theory for the dye microcavity temperature T = 300 K. The observed width of the BEC peak is dominated by spectrometer resolution. The spectral position 
of the rim of the potential well is indicated with the dashed line. For all measurements, the critical photon number is Nc.exp = 8000. 
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Fig. 3. Imaging the emission pattern. (A) Spatial images of the cavity emission, both below (left) and above (right) the critical photon number (for N/Nc.exp = 0.89 
and 1.19, respectively). The double peak in the latter image on top of the thermal cloud is an in situ image of the split condensate. (B) Cuts along the direction 
of the double well, indicated by the dotted lines in (A), for both the thermal cloud (blue) and the condensed phase (black) data. 
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Fig. 4. Relative phase of the microsites emission. (A) The emission from the two individual microsites is overlapped (indicated with the marked central region 
in the camera images) with a small tilt. The resulting interference pattern is shown for total photon number below (left) and above (right) the critical photon number, 
where in the condensed phase a stable interference signal is observed. The data are the average of 50 image-intensified charge-coupled device images recorded 
in l-us measurement time each, corresponding to the length of the pump beam pulses (18). (B) Corresponding cuts along the double-well axis above (black) and 
below (blue) criticality (for N/Nc.exp = 1.18 and 0.88, respectively). 


chemical potential, 4g is the Boltzmann con- 
stant, and T is the temperature. For the lowest 
two levels of our system, the bonding and anti- 
bonding states of the double well, we have w, = 
0 and wu, = AA, with g; = 2 in both cases be- 
cause of polarization degeneracy [details of our 
theoretical modeling are provided in (/8)]. 

In the experimental data analyzing the 
microcavity emission, Fig. 2A, top and mid- 
dle, gives color-coded high-resolution spectra 
spatially resolved along the direction of the 
double-well axis. Shown in Fig. 2A, top, are 
data recorded in the thermal regime with a 
photon number far below the Bose-Einstein 
condensation threshold. On the long-wavelength 
dow photon energy) side, we observed emission 
of the antisymmetric (slightly below 586 nm) and 
symmetric (slightly above 586 nm) double-well 
modes. In the former case, the emission in the 
center vanishes, indicating photons in the anti- 
symmetric state, whereas the finite intensity in 
the center for the latter case corresponds to a 
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population of the symmetric wave function. To 
verify the thermal distribution of modes, we 
recorded broadband spectra for different 
total photon numbers; see Fig. 2B, along with 
theory curves (Fig. 2B, solid lines), for a Bose- 
Einstein distribution (Eq. 1). The bottom curves 
in Fig. 2B correspond to the thermal regime, 
whereas at high photon numbers, we observed a 
peak at the position of the cavity low-frequency 
cutoff near 586 nm, which we attribute to 
photon Bose-Einstein condensation. The exper- 
imental data are in good agreement with the 
equilibrium theory for 300 K down to a wave- 
length near 582 nm, at which we approach 
the finite rim of our imprinted potential (Fig. 
1B) at ~0.54 - kgT above the cutoff energy, 
owing to present limits of our delamination 
technique. The thermal cloud saturates for 
photon numbers above the BEC threshold, 
verifying a central prediction of BEC theory. 
Data above the condensation threshold are 
shown in Fig. 2A, middle, with the individual 
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cavity mode energies spectrally resolved (Fig. 
2A, bottom, green data points). The visible 
strongly enhanced emission at the position of 
the cavity low-frequency cutoff is evidence for 
Bose-Einstein condensation of photons into 
the symmetric superposition ys of the two 
microsites’ eigenfunctions, where the con- 
densate contains approximately 1200 photons 
(Fig. 2A, bottom, red data points). The ener- 
getic spacing to the first excited state (y,) is 
hA = ky - 1.4 K, which is roughly a factor of 
200 below the thermal energy of the room- 
temperature system. This comparison, in ad- 
dition to the good agreement of our data with 
BEC theory, makes it clear that the observed 
population enhancement was a consequence 
of quantum, rather than classical, statistics. 
The full spatial profile of the cavity emission 
is shown in Fig. 3A both below (Fig. 3A, left) 
and above (Fig. 3A, right) the critical photon 
number. Corresponding cuts along the direc- 
tion of the double-well are shown in Fig. 3B for 
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both the data below (Fig. 3B, blue line) and 
above (Fig. 3B, black line) criticality, where in 
the latter case the split spatial profile of the 
condensate is clearly visible. To determine 
the relative phase of the emission originating 
from the individual microsites, we directed 
the cavity output through an optical interfer- 
ometer. Camera images are shown in Fig. 4A 
of the resulting signal recorded in the thermal 
(Fig. 4A, left) and the condensed phase (Fig. 4A, 
right), respectively; the marked central areas in 
Fig. 4A, left and right, correspond to the region 
where the emission of the individual microsites 
spatially overlap. In this region, we observed 
a stable interference signal for the condensed 
phase (Fig. 4B), even though the shown data 
are the average of many subsequent experi- 
mental realizations (Fig. 4) (8). This verifies 
the fixed phase relation between the microsites, 
as expected for a delocalized, macroscopically 
occupied superposition state. In other words, 
the observation of a fringe pattern sets an upper 
limit on the indistinguishability (“which-path 
information”) left in the individual microsites 
upon thermalization. This can be understood 
from the tunneling time x/A=17 ps being 
below the ~100 ps dye reabsorption time 
during the absorption and emission cycles for 
the used experimental parameters (27). 

Our observation of Bose-Einstein condensa- 
tion of photons into the bonding low-energy 
superposition state of a double-well potential 
demonstrates the irreversible but coherent 
population of split states of light, in which the 
bifurcated single-photon state is massively oc- 
cupied because of Bose-Einstein statistics. 

Thermalization of light to cold reservoirs in 
tailored trapping geometries provides a pos- 
sible route for the direct preparation of more 


Kurtscheid et al., Science 366, 894-897 (2019) 


complex quantum states. Strong photon inter- 
actions are expected from using second-order 
nonlinear materials in a doubly resonant cavity 
setup, yielding a controllable effective Kerr 
interaction (22). When in a periodic lattice 
potential quantum many-body states then be- 
come the ground state; they then can be se- 
lectively populated through thermalization 
(18, 23-26), which is not yet achievable in 
present atomic physics experiments (75). For 
analysis, optical many-body state tomography 
can be performed with correlation measure- 
ments (6). Other perspectives of our work 
include the exploration of correlated quan- 
tum states in both double-well and periodic 
potential lattice systems coupled by means 
of effective particle exchange to the photo- 
excitable dye molecules (27, 28). Last, appli- 
cations of the described delamination-based 
adaptive optics method can range from gain- 
dissipative simulations of the classical XY model 
in partial equilibrium condensate arrays (13, 14) 
to optical phase holography (3). 
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View of the man-made Port Island (center), home of KBIC, from the hills overlooking the 
city. Kobe airport can be seen in the distance, to the right of center, just past Port Island. 


Translate your research at the Kobe Biomedical Innovation Cluster 


he Kobe Biomedical Innovation Cluster (KBIC) is one of Japan's 

most successful private-public partnerships in the life sciences. 

Beginning in 2001 with 18 companies employing 200 people, 

it has expanded to 363 companies—23 of which are foreign 
affiliated—and over 11,000 employees in less than 20 years. This growth 
has come from an environment that nurtures health care innovation in 
regenerative medicine, medical devices, and pharmaceuticals from the 
idea stage through to commercialization. 


Right time, right place 

Japan is a country known for destructive earthquakes and tsunamis, 
and every generation seems to have its defining tragedy. Kobe's was 
the Great Hanshin-Awaji Earthquake in 1995. Amidst this devastation, 
an opportunity arose when Kobe decided to remodel its economy into 
an innovation engine for health care and founded the Foundation for 
Biomedical Research and Innovation (FBRI), which lies at the heart 
of KBIC. 

"It is most important to nurture the seeds of good research ideas. 
There are many ideas, but developing them into a worthwhile product is 
very difficult,” says FBRI president Tasuku Honjo. 

Honjo, a 2018 Nobel Prize laureate in Physiology or Medicine, 
won the award for his pioneering contributions to the field of 
immunotherapy, which harnesses a patient's own immune system 
to defeat cancer. His expertise, however, is not the reason that 
KBIC is one of the few locations outside of the United States to 
manufacture investigational drugs for use in clinical trials of Kymriah 
(tisagenlecleucel), the world’s first approved chimeric antigen receptor 
T(CART)-cell therapy-the newest and most potent immunotherapy. 
Instead, it is because of the supportive, intellectually stimulating 
environment that KBIC offers. 

As proof of this environment, in addition to hundreds of partnering 
companies, KBIC also boasts a number of research institutes, hospitals, 
universities, and one of the world’s most powerful supercomputers, 
which will be replaced with a superior one in 2021. All these facilities 
lie inside a small geographical area, encouraging collaboration. 
Nevertheless, KBIC has plans to grow. 

"We still have room to attract more businesses and welcome more 
members," explains FBRI director Takeyuki Sato. 


Leading the way in innovation 

The discovery of induced pluripotent stem cells (iPSCs) by Japanese 
researchers in 2007 opened new possibilities for regenerative 
medicine. However, it was not until 2014 that Masayo Takahashi and 
other researchers at KBIC announced the world’s first clinical application 
of iPSCs: generating retinal cells from a patient's fibroblasts that were 
then transplanted into the patient's eyes. In 2017, another first was 
announced: using fibroblasts from third-party donors for the same 
clinical operation. This concept is being extended to treat Parkinson's 
disease and spinal cord injuries. Building on this success, the Kobe 
Eye Center was established to support the early commercialization of 
regenerative medicine eye treatments using iPSCs. 

Japan has made significant changes to its regulatory laws in recent 
years to expedite the adoption of regenerative medicine treatments. 
To facilitate this development as well as support other KBIC projects, 
Japan's Pharmaceuticals and Medical Devices Agency (PMDA), which 
is equivalent to the U.S. Food and Drug Administration, has placed 
an office onsite at KBIC. This office has given KBIC members valuable 
policy guidance from the early stages of their projects. 


More than geography 

Kobe sits at the western edge of Japan's second-most populated 
region. With hills to its north and sea to its south, the city provides a 
unique urban and rural mix. Furthermore, it is one of Japan's most 
cosmopolitan cities. With a major airport just down the street and the 
bullet train less than 30 minutes away, KBIC is easily accessible to all of 
Japan and to the world. 

But this optimal setting belies a culture of hard work. “It is not 
simple to innovate in the life sciences," says Honjo. "We need long-term 
and continuous support to make progress." 

With backing from FBRI and over 360 companies and organizations, 
KBIC will long remain a place where innovation is born. 
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For 10 years, NEB" has helped advance next generation sequencing (NGS) by 
streamlining sample prep workflows, minimizing inputs, and improving library 


yield and quality. 


As sequencing technologies improve and applications expand, 
the need for compatibility with ever-decreasing input amounts 
and sub-optimal sample quality grows. Scientists must balance 
reliability and performance with faster turnaround, higher 
throughput and automation compatibility. Our NEBNext 
portfolio addresses these challenges and includes solutions 

for DNA and RNA sample prep from a wide range of 

sample types. 


Reaching far beyond standard library prep, NEBNext reagents 
continue to innovate with: 


¢ anovel enzymatic alternative to bisulfite sequencing 


solutions for FFPE DNA and enzymatic 
DNA fragmentation 


customized target enrichment with fast turnaround 


New to NEBNext? 


Get started with a free sample at NEBNext.com. 


One or more of these products are covered by patents, trademarks and/or copyrights owned or controlled by New England Biolabs, Inc. For more information, 
please email us at gbd@neb.com. The use of these products may require you to obtain additional third party intellectual property rights for certain applications. 


© Copyright 2019, New England Biolabs, Inc,; all rights reserved 


NEBNext products continue to set the bar for quality and 
flexibility. All reagents are extensively QC’d at the individual 
component and kit levels, while product formats are designed 
for workflow customization. From individual kits to bulk and 
custom configurations, we’ve got you covered. 


If you still aren’t convinced, why not see for yourself? 
NEBNext reagents have been cited in over 5,000 peer- 
reviewed publications to date. 


As we celebrate 10 years of NEBNext, we would 
like to thank you for making NEBNext part of your 
workflows, and we are excited to continue to exceed 
your expectations for NGS sample prep innovation. 
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innovation. Awarded to one PNAS article in each of 
the National Academy of Sciences’ six broadly 
defined scientific classes, the prize celebrates the 
work of researchers who have pushed the envelope 


of discovery in their fields in 2019. 


We invite you to nominate the top 2019 PNAS 
article in your field no later than January 3, 2020. 


Learn more at pnas.link/cozzarelli 
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lonQ Engineer Sarah Kreikemeier tunes and characterizes an optical assembly in their College Park, Maryland, headquarters. 


From hot silicon-dot qubits to ion traps, scientists are working on 
innovative ways to build more complex and powerful quantum computers 
that could potentially deepen our understanding of complex molecules, 
crack encryption algorithms, make capital markets more efficient, 
accelerate the development of better batteries, and even realize the 
promise of strong artificial intelligence (Al). 

By Aaron Dalton 


ave we achieved quantum computing supremacy? Google thinks 

so. On October 23, Sundar Pinchai, chief executive officer (CEO) 

of Google, an American multinational technology company with 

headquarters in Mountain View, California, published a blog post 

trumpeting the triumph of the company’s researchers in building 
a quantum computer that “performed a test computation in just 200 seconds 
that would have taken the best known algorithms in the most powerful 
supercomputers thousands of years to accomplish.’ 

In a separate post on the Google Al Blog, John Martinis, chief scientist of 
Quantum Hardware, and Sergio Boixo, chief scientist of Quantum Computing 
Theory, Google Al Quantum, said their goal is to build a fault-tolerant quantum 
computer as quickly as possible. They envision such a quantum device as 
being capable of spurring advances in materials design that could lead to new 
lightweight batteries for cars and planes, more effective medicines, and better 
catalysts for producing fertilizer more efficiently with fewer carbon emissions. 

Details of Google's computational feat prompted immediate pushback 
from other heavyweights in the quantum computing field such as IBM, an 
international technology company headquartered in Armonk, New York, which 
suggested that an ideal simulation of the same computational task ona 
classical system could be accomplished in just a couple of days and with much 
greater fidelity. IBM also critiqued Google's use of the word “supremacy” and 
reiterated its vision of quantum computers and classical computers working 
together in a complementary way. 
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In any case, quantum information science (QIS) finds itself in the spotlight 
once again. As David Awschalom, physicist and quantum engineer at the 
University of Chicago, in Illinois, puts it, "Quantum information science 
uses the properties of nature at the smallest scales to create a meaningful 
technology.’ The U.S. government has recognized the value of QIS with a 
National Quantum Initiative Act, which aims to accelerate quantum research 
and development for both economic and national security purposes. 

Quantum may seem esoteric to many casual observers, but Jacob Taylor, 
assistant director for quantum information science (QIS) at the White House 
Office of Science and Technology Policy, notes that quantum-based 
technology has been in use for decades. “The atomic clocks that underpin 
global positioning systems (GPSs) are based on quantum theory,’ says Taylor. 
“In medicine, we use quantum technology to power magnetic resonance 
imaging (MRI) machines, probing the aggregate properties of nuclei spins 
inside the body to find, for example, where blood is giving up oxygen.” 

Researchers in academia and industry are now pushing ahead with efforts 
to develop more advanced technologies based on QIS. These efforts can be 
grouped into three main areas-computing, communications, and sensing. 

Of these, Awschalom believes some of the immediate QIS applications 
will occur in the fields of sensing and communication. “The very fragility 
of quantum states is what makes them the basis of powerful sensing 
technologies,” says Awschalom. “Within a decade, it's possible that advances 
in quantum sensing will allow us to push MRI resolution down to the level 
of single molecules and place sensors inside living cells to watch cellular 
mechanisms at work." 


The power of fragility 

The same quantum state fragility that makes for a good sensor creates 
challenges when trying to build a quantum computer. 

“The unique capabilities of quantum computers stem from two special 
features available in the quantum bits, or ‘qubits; that are the cont.> 
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basic units of quantum information,” says 
Jungsang Kim, an electrical and computer 
engineer at Duke University, Durham, North 
Carolina, and co-founder of lonQ, a quantum 
computing startup based in College Park, 
Maryland. “One feature is the superposition 
principle, where the quantum bit can exist in 
both the 0 and the 1 state at the same time, 
with controllable weight and relative phase 
between them, until the qubit is measured. 
The other feature is entanglement, where 
correlation among several qubits is present 
even if the state of each qubit is not fully 
determined to be in 0 or 1.” 

Quantum technology typically involves 
exotic materials and conditions in order to 
protect the superpositions stored in the 
quantum particles, explains Chris Monroe, a 
physicist at the University of Maryland who 
is also co-founder and chief scientist at lonQ. 

“One of the fundamental quantum rules 
is that superposition only exists when you 
don't look at it," emphasizes Monroe. “This 
means that quantum works best in simple 
systems such as isolated atoms that are not 
part of solids or surfaces and levitated ina 
vacuum chamber, or exotic solid-state devices 
that are refrigerated to nearly absolute zero 
temperature.” 

If those conditions are met, Monroe 
says that such devices can form quantum 
computers that have the potential to solve 
problems that regular, classical computers will never be able to resolve. 

He gives the example of chemical modeling of complex molecules. “Consider 
a molecule like caffeine that has over 100 electrons,” suggests Monroe. “How 
do those electrons figure out where to go and what their energy levels should 
be? Currently, we cannot calculate the binding energy of these electrons, 
which means it’s hard to know how a specific molecule will interact with other 
molecules. Quantum computing may have huge applications for optimizing 
those sorts of simulations.” 


Moving to a solid state 

Could quantum computers ever be household or even enterprise machines? 
Awschalom believes that the mass production of quantum computers depends 
on finding ways to make qubits work in less exotic circumstances. “It's 
impressive to make qubits using an atom in a vacuum or a superconductor, but 
we're focused on creating qubits using solid-state materials,” he says. “There's 
a trillion dollars of existing infrastructure around electronics manufacturing. If 
we could develop scalable qubits using semiconductors, industry could produce 
billions of them.” 

Awschalom’s group found they could take commercial silicon carbide diodes, 
create defects to trap electrons, and build what he calls “surprisingly good” 
quantum states based on the electron spin with long coherence times and 
tunable quantum energies. “We're at the proof-of-concept phase right now, 
but these initial results suggest that we have a pathway for scalability,’ 
he says. 


Right on the dot 

If there’s any company that knows about large-scale electronics 
manufacturing, it's Intel, a multinational technology company headquartered 
in Santa Clara, California. The company has a workforce of more than 100,000 
people and builds over 10 billion transistors every second (or over 300 
quadrillion transistors per year). 

Anne Matsuura, director of Quantum Applications & Architecture at Intel, 
says that her company is leveraging its special capabilities around silicon 


IBM Quantum Computing Scientists Hanhee Paik (left) 
and Sarah Sheldon (right) examine the hardware inside an 
open dilution fridge at the IBM Q Lab at IBM's T. J. Watson 
Research Center in Yorktown, New York. 
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fabrication and packaging to develop silicon 
quantum-dot qubits that she compares to one- 
electron transistors. 

Intel has invested USD 50 million in a 10- 
year collaboration with Delft University of 
Technology and TNO, the Dutch Organisation 
for Applied Research, in order to advance 
quantum computing. One aspect of the 
collaboration involves experiments with “hot 
qubits"—research into whether silicon dot 
qubits can function at elevated temperatures. 
“So far, our partners have promising 
experimental results at 1-degree Kelvin,’ says 
Matsuura. “Obviously, that's still quite cold, 
but it’s orders of magnitude warmer than the 
cryogenic temperatures that are necessary 
today. Our hope is we can continue to increase 
the temperature range in which the qubits can 
operate.” 

Intel is taking other steps to create a 
300-mm, high-volume fabrication and test 
line for semiconductor spin qubits. Partnering 
with Bluefors and Afore, Intel has developed a 
Cryogenic Wafer Prober—or Cryoprober—that 
can test qubits at temperatures of a few 
kelvins. Intel anticipates that the Cryoprober 
will allow it to automate and accelerate testing 
on sources of quantum noise and the quality of 
quantum dots from weeks to just minutes. 


Using Mother Nature's qubits 
While Intel is looking for ways to 
accelerate qubit error testing, lonQ aims to sidestep challenges in the qubit 
manufacturing process by not making qubits at all. 

“We use ionized atoms—Mother Nature's qubits,” says lonQ president and 
CEO Peter Chapman. “We don't make atoms, so each of the qubits is perfect 
without any discrepancies. Floating in a vacuum, they have a fundamental 
degradation timescale of 10,000 years and a decoherence time that can be 
extended to years.” 

Using electromagnetic fields, lonQ deploys and traps atomic qubits on a 
silicon chip within ultra-high vacuum chambers to create what the company 
calls the world’s first commercial trapped-ion quantum computer. 

“Our technology is based on the same principles as atomic clocks,” says 
Chapman. “If you look back at an atomic clock from the 1950s, it would take up 
an entire room, but now it fits on a single chip. Our approach works at room 
temperature and can be built for the most part with off-the-shelf components. 
It's reasonable to expect that our technology will follow the same path as 
atomic clocks and every other piece of electronics and will shrink over time. | 
would not be surprised if people were placing orders for quantum laptops in 
10 years.” 

And what might those quantum laptops be able to do? Chapman believes 
that only quantum computers could handle the explosively combinatorial 
requirements of natural language processing necessary for strong artificial 
intelligence (Al). 

“If you look at the meaning of a single word in a sentence, it is bound 
to the context of all the other words in the sentence, the paragraph, the 
document, and your previous experience,” says Chapman. “Language contains 
a combinatorial explosion of possible meanings that quantum computers are 
really good at. The real world is naturally quantum. Would it really be a surprise 
if our intelligence also springs from the same place?” 


IBM turns up the volume 

While many quantum computing researchers are focused on increasing 
numbers of qubits, IBM is taking a somewhat different approach. In 2017, IBM 
announced a metric called Quantum Volume that determinesa cont.> 
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lonQ Senior Physicist Kai Hudek tests laser components while in the clean room at their College Park, Maryland, headquarters. 


Featured participants 


Duke University National Institute of Standards 
www.duke.edu and Technology 

Google www.nist.gov 

abc.xyz University of Colorado Boulder 
IBM Research www.colorado.edu 
www.research.ibm.com University of Maryland 

Intel umd.edu 

www.intel.com White House Office of Science 
lond and Technology Policy 

sa wwww.whitehouse.gov/ostp 
iong.com 


quantum computer's performance based not just on qubit numbers, but also 
ona holistic assessment of various factors such as qubit coherence time (the 
amount of time they stay in superposition) or measurement errors that might 
impact the precision and accuracy of a quantum processor's operations. 

“If there is a weak point in a quantum computer system, then it doesn’t 
matter how wonderful your individual qubits are,’ says Bob Sutor, vice 
president of IBM Q Ecosystem Development at IBM Research, in Yorktown 
Heights, New York. “Software is also important. We must be able to take user 
programs and transform them so that they run in an optimized way on real 
quantum hardware.’ 

IBM has put its quantum computers online through an open program and 
the commercial IBM Q Network that gives enthusiasts, academics, and industry 
researchers a chance to learn and experiment with actual quantum machines. 
Since the IBM Q Network launched in 2016, some 175,000 people have 
registered to use the system. IBM quantum scientists have used the Q Network 
to collaborate with industry partners such as Barclays, JPMorgan Chase, and 
Mitsubishi Chemical to try to improve the efficiency of securities settlements 
in capital markets, achieve a quadratic speedup in options pricing, and simulate 
the initial steps of the reaction mechanism between lithium and oxygen in 
Li-air batteries. 


Codemaker and codebreaker 

Using quantum computers to design better batteries seems like a noble 
goal, but what if bad actors try to use the processing capabilities of a powerful 
quantum computer to crack encryption algorithms? 


Fortunately, the U.S National Institute of Standards and Technology 
(NIST) is on the case. “It will be a long time until quantum computers can 
threaten [classical] cryptographic methods by factoring large numbers, but 
NIST has already been working to certify post-quantum cryptography systems,” 
says Taylor. “We're on track to achieve that certification by 2022, which means 
that chief technology officers should plan on making the transition to post- 
quantum cryptography protection within the next 10 years.” 

Meanwhile, advances in QIS could lead to the development of encryption 
methods that are truly impossible to hack—at least without alerting the 
recipient that a message had been intercepted. 

“In the quantum world, the act of looking at something changes it. 

That's an advantage from a security standpoint," explains Awschalom. “We 

can send information down fiber-optic networks using entangled pairs of 
photons. If someone tries to intercept the message and view the contents, 
they won't be able to ‘put it back’ in the same state. The message will arrive 
scrambled and the recipient will know that someone tried to eavesdrop on the 
communications in transit.” 


Only time will tell 

Jun Ye, a physicist at the National Institute of Standards and Technology 
and the University of Colorado in Boulder, is advancing the measurement 
of time by using quantum mechanics. Using laser beams and evaporation, 
he loads and traps atoms one by one ina crystal lattice made of light. These 
new atomic clocks are about 100 times more accurate than traditional atomic 
clocks. Based on this new clock, in October, Ye and colleagues published a paper 
showing that they had developed a new time scale in the optical domain with 
performance 10 times better than the current generation of time scales used to 
define the world time. 

Ye says this improvement could have direct benefits for communications 
and navigation, with satellites sending information to each other and to Earth 
using laser beams instead of microwaves. “You could send precise instructions 
and navigation coordinates to an interplanetary spaceship so that you can 
synchronize its automatic landing on Mars," he says. “Every time we increase 
clock technology, it usually leads to multiple layers of technological advances 
elsewhere in society. In fact, the technology powering advances in both clocks 
and quantum computers is emerging from the same quantum revolution 
happening today.’ 


Aaron Dalton is a freelance writer and editor living near Nashville, Tennessee. 
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Automated Cell Isolation 

Sorterra is an automated, microfluidics- 
based cell isolation and concentration 
system for research and development and 
clinical research labs. With less than five 
min of preparation required, Sorterra iso- 
eee lates white blood cells from 3 mL-75 mL of 
anticoagulated peripheral blood at a rate of 
150 mL/h. Cells are separated in microfluidic 
channels without the use of centrifugation 
or beads, minimizing perturbation of cells. The automated technol- 
ogy reduces the impact of site and operator variability, a common 
challenge to scaling research. Typical performance with this reliable, 
label-free, cell isolation system includes 99.9% red blood cell and 
platelet removal, 90% white blood cell yield, and > 98% viability to 
enable high-quality results and insights. 

MicroMedicine 

For info: 617-744-1918 

www.micromedicine.com 


Nanoparticle Size Analyzer 

If you have polymers or proteins, nanodots or new adhesives, 

latexes or liposomes, cosmetics or colloids, the Testa Analytical Nano- 
Brook 90Plus can characterize your particles. The 90Plus is designed to 
perform fast, routine submicron particle size measurements 

(< 1 nm to 6 um) on a wide variety of samples and concentrations. 
Based on the principles of dynamic light scattering, most measure- 
ments only take a minute or two. A unique filter algorithm removes 
contaminating large dust particles. Different levels of software opera- 
tion enable a novice or occasional user to obtain key data quickly while 
still providing access to advanced features enough for specialists to 
unlock valuable data from complex measurements. The high-quality 
optical design and strict quality control during manufacture ensures 
that every instrument performs the same. By automating most of the 
testing procedure and data analysis, effects due to different operators 
are dramatically reduced. 

Testa Analytical Solutions 

For info: +49-30-864-24-076 

www.testa-analytical.com 


Automated Cell Counter 

Introducing the LUNA-FX7—an automated cell counter that has a max- 
imum counting volume of 5 uL, which means lower error and %CV for 
each count. This also means the LUNA-FX has a larger dynamic range 
and can accurately count cells in even dilute samples—without having 
to concentrate cell samples. The LUNA-FX7 gives you the flexibility 

to analyze more than one sample at a time. Use your multichannel 
pipette to load up our 8-channel slide and process up to eight samples 
simultaneously. It has a dual fluorescence and brightfield illumina- 
tion, and a fast and precise autofocus. To help monitor and optimize 
bioprocesses, the LUNA-FX7 has built-in quality control features and 
precision validation slides. 21 CFR Part 11-ready, the LUNA-FX7 im- 
proves the security and efficiency of your lab’s workflow. 

Logos Biosystems 

For info: 703-942-8867 
logosbio.com/automated-cell-counters/fluorescence/luna-fx7 
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Public Portal of Reference-Quality Genomes 

American Type Culture Collection (ATCC)’s recently launched Genome 
Portal is a publicly available database of reference-quality genome 
sequences of 250 widely used bacterial strains. Current, publicly avail- 
able genomic sequences were generated by non-standard methods 
and can lack authenticity, quality, completeness, and traceability-all 
together compromising results. In contrast, ATCC has employed its 
own standardized workflows and rigorous quality control analyses to 
ensure that only the highest standard of genomic data is available on 
the Portal. Researchers can download high-quality genome sequences 
from the Portal to use in bioinformatic analyses, to view annotated 
data, and to search for genomes using their own data. Access to this 
highly credible reference material will enable researchers to make 
insightful connections and more accurately interpret the results of 
their work. 

ATCC (American Type Culture Collection) 

For info: 703-365-2700 

genomes.atcc.org 


Vitrification Media Solutions 

FUJIFILM Irvine Scientific offers Vit Kit-NX, the latest addition to an 
established portfolio of vitrification solutions for in vitro fertilization 
(IVF). The advanced formulas, which now include trehalose, are 
designed to vitrify and warm oocytes and embryos in a consistent, 
stable environment to achieve high survival and pregnancy rates. 

IVF cycles involve the exposure of gametes and embryos to different 
media at each step of the process, increasing the potential for unnec- 
essary stress upon embryos. To minimize this stress, FUJIFILM Irvine 
Scientific has developed Vit Kit-NX, comprised of Vit Kit Freeze-NX and 
Vit Kit Warm-NX. The media are based on a continuous embryo culture 
medium with dual buffers—the same components found in existing 
FUJIFILM Irvine Scientific media, Continuous Single Culture Medium 
(CSCM), and Multipurpose Handling Medium (MHM). When used as 
part of a complete IVF system with CSCM and MHM, embryos remain 
in a consistent environment at each step of the IVF process. Vit Kit-NX 
is a ready-to-use solution, compatible with open and closed vitrifica- 
tion devices, to deliver high quality media that are both effective and 
flexible to streamline IVF laboratory processes. 

FUJIFILM Irvine Scientific 

For info: 800-577-6097 

www.irvinesci.com 


Luciferase Kits 

Two reliable and extremely powerful luciferase detection kits—the 
One-Step Luciferase Assay System and the Dual Luciferase Assay 
System—are now available from AMS Biotechnology (AMSBIO). Lucif- 
erase is the general description given to a class of oxidative enzymes 
that catalyze reactions that give off light, a process known as biolumi- 
nescence. These enzymes are used for promoter activity assays that 
use luciferase reporter cell lines where a promoter region from a gene 
of interest is placed immediately upstream of the coding sequence 
for luciferase. In this system, transcriptional activation of the gene of 
interest leads to a level of luciferase expression that is proportional 

to the level of gene activation. The One-Step Luciferase Assay System 
is designed to be used for high-throughput, sensitive quantitation of 
firefly luciferase activity in mammalian cell culture. The Dual Lucif- 
erase Assay System is designed to be used for high-throughput, rapid 
quantitation of both Firefly and Renilla luciferases from a single sample 
in mammalian cell culture. 

AMS Biotechnology (AMSBIO) 

For info: 617-945-5033 
www.amsbio.com/luciferase-assay-systems.aspx 
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HUNAN UNIVERSITY OF TECHNOLOGY AND BUSINESS 


intuediue tion: to Hunan hiner sirts, 
of Technology and Business 


ealeer University of Technology and Business 
(HUTB) has a history of 70 years of industrial and 
commercial education and 25 years of undergraduate 
education.. With diverse disciplines covering economics, 
management, engineering, science, law, literature and art, 
of which economics and management are its two pillars. 
HUTB isa provincial public full-time institution of higher 
education, and the first batch undergraduate enrollment 
university. It is an excellent university in the National 
Undergraduate Education Appraisal, construction unit of 
the doctoral degree awarding project, applied university 
of national industry-education integration development 
project in “The 13th Five-year Plan” , top 100 model 
universities of deepening Innovation and 
entrepreneurship education reform, national innovation 
and entrepreneurship base of practical education, national 
top 50 universities with typical experiences in innovation 


and entrepreneurship. 


There are 16 master’ s degree programs. Among them, 
there are 8 first-level master’ s degree programs and 8 
professional master’ s degree programs.With an 
outstanding faculty led by an academician of the 
Chinese Academy of Engineering, HUTB has educated 
more than 110,000 outstanding industrial, commercial 
and financial talents for the country and is praised as a 
base for cultivating local Hunan people into the leading 
economists and a cradle for cultivating professional 
entrepreneurs. 

Adhering to the motto of “Sincerity and Creditability, 
Pragmatism and Innovation” and the idea of 
“technologyt+business” and “new engineering +new 
business” integrated development, and meeting the 
major needs of the country, the world and the future, 
HUTB promotes the construction of “double 
first-class” with first-class philosophy, first-class goals, 
first-class standards, first-class quality and first-class 


systems. 
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Leadership of the academician 


Pees Chen Xiaohong, Academician of Chinese Academy of Engineering, CPPCC National 
Committee, PhD supervisor, is a Committee Member of the National Natural Science Foundation of 
China, member of the Discipline Review Group of the Academic Degrees Committee of the State 
Council, commission of the Science and Technology Commission and Social Science and Technology 
Commission of Ministry of Education. She is the director and chief professor of the Innovative 
Research Group of National Natural Sciences Foundation, the Yangtze River Scholar Innovative Team 
of the Ministry of Education, the national first-level discipline-- Management Science and Engineering, 
the National Teaching Team and the National Featured Specialty. Professor Chen Xiaohong is also the 
vice-chairman of China Management Science and Engineering Association, the winner of the National 


Outstanding Youth Fund in 2001, the academic leader in the Trans-century “Hundreds of Thousands 


of Talents Project” on Ist and 2nd national levels in 1999, the national excellent teacher, the National 


ultural Master and Four First Batch Talent, the leading talent in the “10,000 Talents Plan in 


Cc 
Philosophy and Social Sciences” . She was the winner of the Fudan Management Outstanding sor Chen Xiaohong - academician 
Cc 


chinese Academy of Engineering 


ontribution Award and Guangzhao Science and Technology Award. 


The research teams led by the academician has long been engaged in research in decision-making theory and support systems of industrial and 
commercial enterprises , big data analysis, SME financing, two-oriented society and ecological civilization and other fields of research. They created 
the engineering management theory and method system of Integrated Dynamic Intelligent Quantization, and constructed a series of green engineer- 
ing standards, such as “two-oriented” standards, proposed a new mode of collaborative management of green engineering, and developed environ- 
mental big data analysis and decision-making technology and platform so as to make outstanding contributions to the scientific development of 
national management and decision-making, efficient and green development of resources and accurate environmental governance. Productive 
honors included 14 national and ministerial /provincial awards for scientific research such as the second prize of National Science and Technology 
Progress Award, the first prize for Outstanding achievements in Humanities and Social Sciences of the Ministry of Education, the first prize for 
Science and Technology in Chinese universities, the Guangzhao Science and Technology Award, the Fudan Management Outstanding Contribu- 
ion Award and the first prize of Science and Technology Progress of Hunan Province and also two second prizes of national teaching achieve- 


ments. More than 300 SCI/SSCI academic papers have been published in authoritative journals at home and abroad, among which 66 are ESI top 


% highly cited papers, the authors of which are rated “global highly cited scientists” in 2018&2019. They have published 18 monographs, won 21 


national invention patents and 22 software Copyrights, and cultivated a number of excellent doctoral and postgraduate students. 
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Staff and faculty 


ce university has 1030 full-time teachers, among whom there are 408 senior and advanced professional technicians (140 senior) and 294 PhDs. 
They forms a high-level faculty team composed of an academician of Chinese Academy of Engineering, a committee member of the national 
Natural Science Foundation of China, a member of the Discipline Review Group of the Academic Degrees Committee of the State Council, a 
member of social science committee of the Ministry of Education, Commission of the Science and Technology Commission and Social Science and 


Technology Commission of Ministry of Education, and the chief professor of the Innovative Research Group of National Natural Sciences 


Foundation, the leading talent in the “10,000 Talents Plan in Philosophy and Social Sciences” , the National Cultural Master and Four First Batch 


Talent, the national candidate of “Hundreds of Thousands of Talents Project” on the first and second levels, the chief professor of the Yangtze River 


Scholar Innovative Team of the Ministry of Education and the winner of the Fudan Management Outstanding Contribution Award and the 


National Outstanding Youth Fundation, the First-term Outstanding Chinese Social Scientist. 
ADVERTISEMENT 
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Two "Double First-Class" Disciplines: Management Science and Engineering is selected as the first-class national construction-oriented discipline in Hunan Province, 


and Applied Economics are listed in the first-class national cultivation-oriented disciplines in Hunan Province. 


Four authorized first-class doctoral discipline construction projects in Hunan Province: Management Science and Engineering, Applied Economics, Business 


Administration, Law. 


Five "The 12th Five-Year Plan" key provincial construction-oriented disciplines are all accepted as excellent: Management Science and Engineering, Regional 


Economics, Political Economy, Business Management, Administrative Management. 


Six first-class disciplines are listed in "Best Disciplines in China" as issued by the Shanghai Ranking Consultancy, in the past three years: Management Science and 


Engineering, Applied Economics, Theoretical Economics, Business Administration, Law, Marxist Theory. 


agement Science and Engineering 
[eo © oO 


First-class construction discipline in Hunan Province, the project construction 
discipline of Doctoral Degree Program, master’s degree authorized discipline, 
provincial key construction discipline in the "12th Five - Year Plan". Due to 
ocusing on interdisciplinary integration and international collaboration, three 
characteristic research directions of big data and intelligent decision-making, 


"two-type” engineering and green development, e-commerce and new retai 


have been formed. It ranked in the top 9% in the "Ranking of the best disciplines 
in China" released by the Shanghai Ranking Consultancy in 2019. At present, i 


ranks the 20th place in the whole country and the second place in provincia 


colleges and universities. In the past five years, it has undertaken a total of 35 


national projects, such as the major and key projects of the National Natura 


Science Foundation of China, major bidding projects for the Department o 
Humanities and Social Sciences, Ministry of Education. 302 papers have been 
published in high-level journals at home and abroad, including 207 papers are 
included by SCI/SSCI and 66 papers (top 1%) are cited by ESI. 27 monographs 


have been published. The discipline members have won 22 national and 


provincial scientific research awards, including the Second Prize of National 


Science and Technology Progress, the First Prize and Second Prize for 


Outstanding Achievements in Humanities and Social Sciences of the Ministry of 


Education, the Outstanding Contribution Award in School of Management of 


Fudan University, Hunan Guangzhao Science and Technology Award, etc. 


Applied Economics 


First-class cultivation discipline in Hunan Province, doctoral station 
construction discipline, master’ s degree authorized discipline. Regiona 
Economics is the provincial key construction discipline in the"12th Five - Year 
Plan". There are five disciplines: industrial economics, regional economics, fiscal 
and tax theory and policy, finance, financial engineering. In the "Ranking of the 
best disciplines in China" released by Shanghai Ranking Consultancy in 2019, i 


entered the top 21% for two consecutive years. At present, it ranks the 54th place 


of the country and the second place in the province. In the past five years, it has 


presided over 39 national projects, including 3 key projects of the Nationa 
Planning Office of Philosophy and Social; 222 projects at the ministerial and 
provincial-level. It has published 204 high-level papers in SSC] and SCI and has 


published 38 academic monographs; it has won15 awards. 


The construction discipline of the doctoral program, the discipline of master’s 
degree authorization, and the key construction discipline of "enterprise 
management” in Hunan Province during the "12th Five - Year Plan". The 
discipline adheres to the development driven by innovation. It has four 
research directions: modern logistics and service supply chain, organizational 
behavior and enterprise management, accounting and tourism management. It 
is ranked in the top 30% of "China’s best discipline ranking in 2019" of 


Shanghai soft science, ranking 90th in China and 4th in provincial universities. 


n the recent five years, it has undertaken 216national, provincial and 


ministerial projects, including 29 national projects, with a total of 12.90 million 


yuan of research funds. 235 high-level academic papers has been published 86 


papers in SSCI, SCI and CSSCI source journals, and 34 monographs. 
Members of the discipline have won 12 national and provincial scientific 


research and teaching awards, among them,6 achievements have been 


adopted by relevant departments of the provincial Party committee and the 


provincial government, and obtained 4 patents. 


Law 


The discipline of construction of doctor’s degree, and the discipline of master’s 
degree authorization. With the characteristics of the combination of law and 
integrity, law and business, and law management, the discipline has condensed 
the advantageous discipline groups of ethical law, civil and commercial law, 
criminal law, international law, intellectual property law, etc. It ranked in the 
top 37% of the "best disciplines in China in 2019" of Shanghai soft science, 
ranking 76th in the country and 5th in Universities in the province. In the 
recent five years, it has undertaken 11 national scientific research projects 
(including 1 key project), published 43 high-level academic papers in journals 
and 12 academic monographs. Members of the discipline have won 8 
provincial and ministerial scientific research achievement awards (including 
one second prize of excellent scientific research achievement awarded by the 
Ministry of education, two first prizes and three second prizes of excellent 


social science achievement award). 


n recent years, various disciplines have held and hosted a series of high-level academic conferences such as “the China Engineering Science and Technology 
Forum” , “the 201th and 234th phase ‘Shuang Qing Forum’ of the National Natural Science Foundation of China” , “the 2018 Working Conference of the 


Management Department of the Science and Technology Commission of the Ministry of Education and the Round Table of Science and Technology Frontier and 


Strategy” , “the 9th China Energy Economy and Management Academic Annual Conference” , “ ‘the Academician Xiao Xiang Xing Activity’ -Digital Economy 


and Smart City Construction Sub Forum” , and “the Supply Chain Management Service Innovation Summit Forum in the Data Age” . 


ADVERTISEMENT 


Scientiiice Researen Plattorm 


The university owns 20 provincial platforms and scientific and technological innovation teams, such as Hunan Key Laboratory of "Mobile Business 


Intelligence" and "New Retail Virtual Reality Technology", Hunan Engineering Research Center of Environmental Big Data and Intelligent Decision 


Technology, "Hunan Mobile Electronic Commerce Construction 2011Collaborative Innovation Center" and "Hunan Collaborative Innovation Center 


of Anti-Corruption ", etc. 


Ez 


Hunan Key Laboratory of New Retail Virtual Reality Technology 


S/N 


on 


20 


List of Provincial 


Name of research base 


Hunan Key Laboratory of Mobile Business Intelligence 


Hunan Key Laboratory of New Retail Virtual Reality 
Technology 


Hunan Engineering Research Center of Environmental 


Big Data and Intelligent Decision-making Technology 


Hunan Mobile E-Commerce Collaborative Innovation 
Center 2011 


Hunan Collaborative Innovation Center of 


Anti-Corruption Construction Unit 


Hunan Base of Big Data Technology and Management of 


International Innovation and Cooperation 


Hunan Collaborative Innovation Center of 


Anti-Corruption Construction Unit 


Hunan Base of Modern Circulation Theory in Hunan 


Province 


Hunan Research Base of Regional Strategy and Planning 


Hunan Research Base of Anti-Corruption Construction 
Unit 


Hunan Research Base of Modern Logistics 


Hunan Research Base of Peace Culture 


Hunan Research Center of Theoretical System of 


Socialism with Chinese Characteristics 


Hunan Research Base of Ideological and Political Work 


Hunan Research Base of Xiang Entrepreneur Culture 
Hunan Research Base of Communist Party’s Theory 
Innovation Theory 


Hunan Research Center of Economic Reform and 


Development 


Research Base for Regional Financial Innovation 


Hunan Higher Education Demonstration Base of 
Industry-Education-Research Integration in "Medical Logistics 
Supply Chain and Service Outsourcing” 
Financial Risk Measurement, Management and Policies in 


the Open economy Team 


Platform type 


Provincial key laboratory 


Provincial Key Laboratory 


Provincial Engineering Research 


Center 


Provincial Collaborative 


Innovation Center 


Provincial Collaborative 
Innovation Center 


Provincial International Scientific and 
Technological Innovation Cooperation 


Base 


Provincial Think Tank 
Provincial Social Science Research 
Base 


Provincial Social Science Researcl 
Base 


Provincial Social Science Research 
Base 


Provincial Social Science Research 
Base 


Provincial Social Science Research 
Base 


Provincial Social Science Research 
Base 


Provincial Social Science Research 
Base 


Provincial Social Science Research 
Base 


Provincial Social Science Research 
Base 


Key Research Base of philosophy and 
Social Sciences in Provincial Colleges 
and Universities 


Key Research Base of Philosophy 
and Social Sciences in Hunan 
Colleges and Universities 


Industry-Education-Research 
Demonstration Research Base of Hunan 
Province Education Department 


Scientific and Technological 
Innovation Team of Provincial 
Colleges and Universities 


Scientific Research Platforms 


Approval unit 


Hunan Provincial Science and 


‘Technology Department 
Hunan Provincial Science and 
Technology Department 


Hunan Provincial Development 


and Reform Commission 
Hunan Provincial Education 
Department 
Hunan Provincial Education 


Department 


Hunan Provincial Science and 


Technology Department 
Publicity Department of the Hunan 
Provincial Party Committee 
Publicity Department of the Hunan 
Provincial Party Committee 
Publicity Department of the Hunan 


Provincial Party Committee 


Publicity Department of the Hunan 


Provincial Party Committee 


Publicity Department of the Hunan 


Provincial Party Committee 


Publicity Department of the Hunan 


Provincial Party Committee 
Publicity Department of the Hunan 
Provincial Party Committee 


Publicity Department of the Hunan 


Provincial Party Committee 


Publicity Department of the Hunan 


Provincial Party Committee 


Publicity Department of the Hunan 


Provincial Party Committee 


Hunan Provincial Education 


Department 


Hunan Provincial Education 


Department 


Hunan Provincial Education 


Department 


Hunan Provincial Education 


Department 
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Hunan Engineering Research Center of Environmental 
Big Data and Intelligent Decision-making Technology 


project approval 
year 


2015 


2017 


2018 


2015 


2014 


2018 


2018 


2002 


2007 


2009 


2010 


2010 


2012 


2016 


2016 


2017 


2008 


2014 


2010 


2014 


Hunan Key Laboratory of Mobile Business 


Intelligence 


Recruitment 


Hunan University of 
Technology and Business is 
looking forward to welcoming 
outstanding talents from all over 
the world. The full-time or 
part-time employment methods 
are adopted. Employment is 
determined by the individual * 5 
academic level and contribution 
signed formalized in contract. 
The outstanding talents can 
enjoy annual salary of RMB1 - 2 
million and supports, such as 
research start-up funds, research 
studio and assistance with 
spouse’ s employment and 


children school enrolment, etc. 
Contact Information: 


Address: 


Human Resource Division, 


unan University of 
Technology and Business, No. 


569, Yuelu Avenue, Changsha 


Tel.: 
+86 731 88688001 Ms. Xie 
+86 731 88688161 Ms. Li 


E-mail: 
rc88688001@163.com 


Strengthening China 
Through Education and 


Talent Cultivation 


- Zhimin Li 


Director of Center for Science and 


¥ Technology Development Ministry of Education, 
People's Republic of China 


espite continual worldwide trade disputes, the 

pace of globalization is still increasing. At pres- 

ent, all countries are eager to expand their talent 

pool, and they realize it is imperative to devel- 
op their international talent market. China conducts its 
own talent cultivation, and for that purpose launched the 
“Double First-Class” initiative in 2017, in order to build 
world-class universities and first-class disciplines. The 
formation of world-class universities is inseparable from 
that of first-class disciplines, and first-class disciplines 
cannot be created without first-class professors. In addi- 
tion to fully supporting current professors and improving 
their disciplines, many university presidents now pay in- 
creasing attention to the international talent market. They 
are trying to attract outstanding overseas talent to partici- 
pate in the construction of Double First-Class universities 


in China. 


In fact, it is common for many countries to introduce 
overseas talent to expand their domestic talent reserve— 
this is also a shortcut for bolstering a country’s level 
of scientific advancement in a short time. The biggest 
winner in this process is the United States, with its im- 
migration system playing a big part in attracting a wealth 
of overseas talent. China is now also implementing new 
mechanisms to attract Chinese students living overseas, 
and of course international talent as well. Chinese univer- 
sities are hoping to pull in overseas scholars and experts 
from the world’s top universities and disciplines to accel- 
erate the progress of the Double First-Class initiative. 


Those who study or work abroad gain rich and varied 
work and life experiences. They often have great am- 
bitions and seek the environments that best suit their 


ADVERTISING FEATURE 


goals—China can now provide such environments. Its 
economy is thriving, and some of its big cities now have 
scientific facilities and workplaces comparable to those of 
developed countries. The climate for innovation and en- 
trepreneurship continues to improve in China. More im- 
portantly, high-level international researchers are warmly 
welcomed, and the quality of experimental equipment 
and research platforms that overseas scholars value most 
has in many cases caught up to and even surpassed what 
is found in some foreign countries. 


The vigorous development of science, technology, and 
business in China now provides an unprecedented space 
for growth for talents in all fields. This situation will 
create a new trend that will result in large numbers of 
high-level experts living overseas coming back home. 
China has entered a new stage of transformation in its 
economic development, in which it is changing from a 
factor-driven (based on unskilled labor or natural resourc- 
es and producing mostly basic products), investment-driv- 
en economy to an innovation-driven economy. However, 
the innovation-driven strategy calls for an increased focus 
on talents, and imposes more stringent requirements on 
their work. It is vital for China’s universities to improve 
the domestic environment for talent advancement. The 
best way to attract talent is to give full play to the role 
of existing talents, and by cultivating them, to produce 
higher-quality work that will draw even more talent from 
overseas. At present, many outstanding talents have 
already returned to China—however, we could make 
improvements domestically that create conditions more 
conducive to effective career advancement. Therefore, it 
is crucial to offer environments that can retain talents and 


maximize their academic capacity. 


The level of work done by experts is closely related to 
the level of a country’s development. China’s universities 
will strengthen the advancement of original science and 
technology, nurture leading talents, and help to pilot our 
country in its great voyage toward a new era. And we will 
strive to build our universities into major strategic centers 
for innovation, so that they will stand as a guarantee of 
China’s future prosperity through the power of education 
and talent cultivation. 


We welcome excellent scholars interested in applying for 
talent programs in China to contact us through AcaBridge(- 
consultant@acabridge.edu.cn), which provides one-on-one 
consultations. 


ADVERTISING FEATURE 
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The College of Engineering and 
Applied Sciences (CEAS) at 


Nanjing University 


n December 2009, the College of Engineering and Applied Sciences (CEAS) 
was founded with faculty members from department of materials science 
and engineering. Now CEAS is aimed to become a world-class college with 
its research and education focusing on developing cutting-edge technologies 
and engineering solutions to tackle major societal challenges. 
Selected by Nanjing University as a test bed to pioneer the university’s 
internationalization initiative, internationalization is being implemented in 
every facet of the college (education, research, administration, faculty re- 
cruiting/assessment, and infrastructure), and every member of the college 
(administrators, faculty, staff, students) is participating. Faculty members 
of CEAS conduct cutting-edge research, and regularly publish in high pro- 
file scientific journals. International research collaborations are beginning 
to form via joint research projects and international research laboratories. 
A new 65,000 m’ building for research and education will be put into use 
soon to house the academic departments and research centers, embodying 
CEAS’s global vision and forward-looking plan. 
With generous support and help from our friends in China and abroad, 
CEAS will produce not only world-class knowledge and technologies, but 
nurture students and scholars who can meet the major challenges and op- 
portunities posed by an increasingly globalized society as well. 


Research Centers: 

Jiangsu Key Laboratory of Artificial Functional Materials, 

Key Laboratory of Intelligent Optical Sensing and Integration, Ministry of Education, 
Jiangsu Research Center for Optical Communication System and Net- 
work Engineering, 

Laboratory of Smart Materials and Integration, 

Center for Quantum Materials and Microstructures, 

Research Center for Laser and Photonics Engineering Technology, 
Research Center for Microwave Photonics Technology, 

Center for Energy Storage Materials and Technologies, 

Ecomaterials and Renewable Energy Research Center 


The college invites applications for faculty positions at the level of associ- 
ate professor or professor. Areas of interests include: 

1. Materials for information applications: optoelectronic and non-linear 
optical materials, functional oxides, semiconductor materials etc.; 

2. Energy materials: materials for energy-storing, photovoltaic cells etc.; 
3. Bio-materials and medical devices, microfluidics, tissue engineering, 
cancer therapy, molecular electronics; 

4. Materials engineering: crystal growth, interface engineering, thin films 
and heterostructures fabrication techniques-MBE/MOCVD/ALD/Sputter- 
ing; and 3D printing; 

5. Computational materials science and AlJ-assisted materials design. 


Personal and working conditions (depending on qualifications): 
Professor/Associate professor 

Start-up funds: 2 to 5 million RMB; Annual salary: 400k RMB or more; 
Lab. space: more than 80 m7, Housing: 120 to 140 m’ (at favorable price). 
Research assistant 

Annual salary: 150k RMB or more. 


Please submit application materials: 

a) curriculum vitae 

b) names and contact information of three references 

c) three representative papers 

d) research plan 

e) teaching plan 

via email to: Ms. Fang Zhong, 

College of Engineering and Applied Sciences, Nanjing University, Nan- 
jing, 210093, China. 


E-mail: job-eng@nju.edu.cn 
Website: eng.nju.edu.cn 


Review of applications will start immediately and continue until the posi- 
tions are filled. 


he School of Social and 
Behavioral Sciences 
at Nanjing University 
consists of three depart- 
ments and one institute: Depart- 
ment of Sociology, Department 
of Social Work and Social Policy, 
Department of Psychology, and the 
Institute of Social Anthropology. 
According to the evaluation con- 
ducted by the Ministry of Educa- 


tion of China in 2017, its sociology 
major ranks third in China. The 
school has 52 full-time faculty 
members, including 23 professors, 
23 associate professors, 3 assistant 
professors and 3 lecturers. The 
school has an international faculty, 
including 18 members graduating 
from the universities outside the 
mainland China, such as University 
of Chicago, Northwestern Univer- 


sity, University of Oxford, Free 
University of Berlin, University of 


Tokyo, etc. 
The school specializes in sociolog- 


ical studies on many areas such as 
social theory, education, stratifica- 
tion and mobility in Chinese soci- 
ety, family, gender and population, 
urban studies, emotion, and also 
specializes in anthropology of reli- 
gion. Its faculty members employ a 


variety of research methods. 

The school is eager to recruit 
established scholars or recent 
graduates focusing on the study 

of the societies outside China or 
visual sociology and anthropology. 
It is also devoted to expanding its 
academic network of China studies 
around the world. 

If you are interested, please visit its 
website: sociology.nju.edu.cn 


School Introduction 

Founded in 1902, Nanjing 
University is one of the oldest 
and most prestigious institutions 
of higher learning in China. 

The School of Life Sciences, 
originated from Department of 
Biology established in 1920, has 
three major disciplines — Biolo- 
gy, Pharmacy, and Ecology. The 
Biology subject is one of Chi- 
na’s seven key national biology 
programs; Pharmacy and Ecolo- 
gy are both national First-Level 
disciplines. The School has 
clear and interdisciplinary 
research focus on biology and 
biochemistry, botany and zool- 


ogy, environment and ecology, 
pharmacology and toxicology, 
neuroscience and behavioral 
science, molecular biology and 
genetics, agriculture, all among 
the Top 1% in ESI international 
rankings. Through the decades, 
the School has always been 
upholding the spirit of seeking 
truth from facts, pursuing re- 
search excellence and nurturing 
talents for the society. 


Recruitment Information 

1. The Recruitment Program of 
Global Experts 

2. Young Overseas High-Level 
Talents Introduction Plan 


3. Deng Feng Scholars Pro- 
gram A of Nanjing University 
4. Deng Feng Scholars Pro- 
gram B of Nanjing University 
5. Professors, associate profes- 
sors, young talented scientists 
and post-doctoral researchers 


Salary and benefits 

Salary is commensurate with 
qualifications and experiences. 
Successful applicants will be 
offered decent benefits includ- 
ing scientific research start-up 
grant, settling-in allowance, as- 
sistance in establishing research 
group and scientific platform, 
adequate laboratory space. 


Qualification Requirement 
1.A comprehensive CV 
2.Abstract of academic 
achievement and future re- 
search plan 

3.Five selected publications in 
PDF format 

4.Contact information of three 
referees including E-mail & 
Telephone number 


Contact Information 
Ms. Jingjie Liu 
jingjie@nju.edu.cn 
+86-25-89684720 
For more information, please 
visit our website: life.nju.edu.cn 


Medical School at Nanjit 


anjing University Medical 

School (NJUMS), a pre- 

mier institution for medical 

education originally founded 
in 1935 as part of the National Central 
University and re-opened in 1987, was 
the first medical school in a compre- 
hensive research university in China 
since 1980’s. The school, located in 
two campuses, Gulou and Xianlin, 
has maintained an elite program in 
educating physician-scientists and 
top-notched leaders in basic and 
clinical medicine. NJUMS offers three 
majors with doctoral degrees in Basic 
Medicine, Clinical Medicine, and 


Stomatology Medicine and is among 
the first medical universities eligible 
for the National Excellent Doctor 
Education Program with an Eight-year 
M.D. program in Clinical Medicine. 
Top-ranked affiliated teaching hospi- 
tals include prestigious Gulou Drum 
Tower Hospital, Jinling Hospital, 

and Nanjing Stomatological Hospital 
(NSH), all at the Grade-III Class-A 
level. Gulou and Jinling Hospitals are 
equipped with state-of-the-art facilities 
with 2,500 and 2,400 beds, more than 
3 million and 2.4 million outpatients, 
and 86, 000 and 79,000 inpatients each 
year, respectively. Currently about 


150 distinguished Full Professors are 
employed, who teach medical and 
graduate students and perform scientif- 
ic research and/or clinical practice. The 
school professors work on competitive 
grants from national funding agencies 
including NSFC and MOST and in 
2019 obtained ~110 grants, which 
account for a quarter of the total grants 
awareded university-wide. 

Nanjing University has prioritized 
medicine to be one of a few disciplines 
for strategic expansion and rapid 
development, which benefits NJUMS 
enormously in preferential policies 
and resources. NJUMS expects to 


expand its programs both in basic and 
clinical medicine and recruit faculty 
in multiple disciplines including Basic 
Medicine, Clinical Medicine, Stoma- 
tological & Dental Medicine, Public 
Health and Preventive Medicine, 

and Advanced Medical Materials. 
Candidates are expected to excel and 
be innovative in ideas and method- 
ology in their respective fields with 
distinguished accomplishments and 
great potential and meet the criteria 
for the existing national, provincial, 
or university-wide Talents programs, 
and. Three categories of scholars are 
recruited: 


Distinguished Full Professors: Candidates have 
e established academically with extramural grants 
or sustained financial support for accomplished re- 
search program(s). The candidates have already played 
a leading role in a selected research field. Currently 
possessing an academic rank at associate professor (or 
equivalent) is needed and establishing an internationally 
renowned program at NJUMS is expected with leading 
roles in obtaining major grants from various resources. 


I Distinguished Young Scholars: Candidates 
e have completed PhD/MD with a few years 
of postdoctoral training and have demonstrated po- 
tential of being an academic or technological leader 
in their disciplinary field. Preference will be given 
to the applicants who have freshly started an inde- 
pendent research program or met the criteria with 
significant accomplishments for the national talents 
programs. 


Ill University Dengfeng Scholars (EF? F ): 
« Candidates are expected to have completed 
their PhD/MD and at the stage of their postdoctoral 
training. Preferential consideration is given to those 
who distinguish themselves from their peers with 
high-impact and innovative accomplishments in the 
earlier stage of their career. 
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hanghaiTech University is a young and dynamic higher education institution committed to carrying out China’s national devel- 
opment strategy and nurturing the next generation of innovative scientists, inventors and entrepreneurs. With the backing and 
support of the Shanghai Municipal Government and China Academy of Science, ShanghaiTech’s five schools, three research 
institutes and General Education Center seek cutting-edge solutions to address the challenges that China and the world is facing 
in the fields of energy, material, environment, human health, and artificial intelligence. As an integral part of the Zhangjiang Comprehen- 
sive National Science Center, ShanghaiTech is now leading several frontier research projects and large-scale facilities. 
For more information, please visit: www.shanghaitech.edu.cn. 


ShanghaiTech is now seeking talents in 
the following fields: 

School of Physical Science and Technology: 
energy, system materials, photon and con- 
densed state, material biology, environmental 
science and engineering 

School of Life Science and Technology: 
molecular and cell biology, structural biol- 
ogy, neuroscience, immunology, stem cells 
and regenerative medicine, system biology 
and biological data, molecular imaging, 
biomedical engineering 

School of Information Science and Technology: 
computer science, electrical engineering, in- 
formation engineering, artificial intelligence, 
network and communication, virtual reality, 
Statistics, big data and data mining 

School of Entrepreneurship and Man- 
agement: economics, finance, accounting, 
management, marketing, strategy and entre- 
preneurship 

School of Creativity and Art: innovative 
design, filmmaking, game design, tech-driv- 
en art, big data visualization, creativity, 
design thinking 

Shanghai Institute for Advanced Immuno- 
chemical Studies: antibody therapy, Immuno- 
therapy, cell therapy, regeneration medicine 
iHuman Institute: bio-imaging, biology, 
chemistry, computational biology, AI/ML 
Institute of Mathematical Sciences: pure mathe- 


matics, theory of computing, applied mathematics 

Institute of Humanities:Chinese philos- 
ophy, Western philosophy, logic, science 
philosophy, aesthetics, Ancient literature, 
modern literature, literary theory, compara- 
tive literature and world literature, Chinese 
writing, Chinese history, world history, 
historical theory, British and American lan- 
guage and literature, French language and 
literature, German language and literature, 
Japanese language and literature. 


Following positions are opening: 
1.Tenured and Tenure-track positions: as- 
sistant professor, associate professor and full 
professor. 

Successful applicants will have a doctoral 
degree, and are expected to establish a re- 
cord for independent, internationally recog- 
nized research, supervise students and teach 
high-quality courses. 

2.Research positions: post-doctoral research 
fellow, research assistant professor, research 
associate professor and research professor. 
Successful applicants will have a doctoral 
degree, a good research record and great 
passion for research. 

3.Assistant positions: teaching assistant, re- 
search assistant, and administrative officer. 
Successful applicants will have a Master's 
degree and relevant working experience. 


ShanghaiTech will offer attractive com- 
pensation packages, including: 

Initial research support package: reason- 
able start-up funds, research associates and 
post-doctoral fellows, laboratory space to 
meet research needs. 

Compensation and benefits: highly com- 
petitive salary commensurate with expe- 
rience and academic accomplishments, a 
comprehensive benefit package. 

Subsidized housing: on-campus 80/100/120 
m2 faculty apartments available at low rent 
for tenured and tenure-track faculty, on-cam- 
pus postdoctoral dormitories, off-campus 
postdoctoral apartments and municipal apart- 
ments subsidized by Shanghai government. 
Relocation & travel allowance: reimburse- 
ment of expenses for household relocation 
and family’s one-way travel. 

Family assistance: support with children’s 
education; affiliated kindergarten, primary 
and middle schools. 


To apply: using this format, please sub- 
mit a cover letter (Firstname_Lastname_ 
Cover_Letter.pdf), a research plan (First- 
name_Lastname_Research_Plan.pdf), 
and a CV (Firstname_Lastname_CvV.pdf) 
to shanghaitechuniversity@gmail.com 


a 
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Guangzhou University of 


Chinese Medicine 
Inviting Global Talents 


Science Careers 


uangzhou University of Chinese Medicine (GUCM), one of the first four oldest institutions 
6 Chinese Medicine, is currently supported by the National “Double First-rate” plan and 
the Program of High-level University of Guangdong Province. GUCM is located at the eco- 
nomically developed South China, it offers great opportunities for the researchers who are 


working in medicine and pharmacy. 


He talents in the fields of basic or clinical medicine and pharmacy including traditional 
Chinese medicine, integrative Chinese and Western medicine, acupuncture and rehabilita- 


tion medicine, the flelds of pharmacology, life sciences, medicinal chemistry and other related 


research areas are warmly welcome. 


Scan and find 
more information 


Tel: +86(020)39358219 
Email: rcb@gzucm.edu.cn 
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Faculty Recruitment for Taiyuan Uni- 
versity of Technology 


TYUT is a “Double World-Class” key 
construction university, as well as a 
national “211 Project” key construction 
university. It is among the first batch 
of the Ministry of Education(MOE)’s 
experimental program of “Education 
Program of Excellent Engineers” and the 
national program of “Experiment Pro- 
gram of College Student Innovation”. 


At present, TYUT has 3 academicians 
of the Chinese Academy of Engineering, 
15 academicians of dual employment, 
51 doctoral research centers (15 for first- 
class disciplines), 15 post-doctoral mo- 
bile stations, 3 national key disciplines, 
4 national experimental teaching demon- 
stration centers, 5 national distinctive 
branch construction sites, 7 national ““en- 
gineering practice education centers”, | 
national key laboratory cultivation base 
jointly constructed by Shanxi province 
and the MOE, 4 MOE’s key laboratories, 
1 MOST (Ministry of Science and Tech- 
nology)’s innovation team in key areas, 
and 2 MOE’s Yangtze River scholars’ 
innovation teams. TYUT’s three disci- 
plines, i.e. engineering, materials and 
chemistry, are among ESI’s global top 
1%. 


TYUT is looking for high-level tal- 
ents from across the world around the 
clock. We will provide you with a good 
research environment, a huge develop- 
ment space and highly competitive re- 
munerations. We sincerely invite talents 
worldwide to join us! 


Requirements & Remunerations 


Chief Scientists 


Leading Scholars 


Academic Leaders 


Academic Back- 
bones-Fourth level 


Academic Back- 
bones-Fifth level 


Teaching and Re- 
search Staff 


Postdoctorals 
(as Backup Teachers) 


How to apply 


Academician of the CAS, CAE, CASS, and famous over- 
seas academic institutions 


Chief experts of national key disciplines and key labo- 
ratories, National 1000 or 10000 talents, Yangtze River 
Scholar professors, Winners of national outstanding 
youth fund or professors of top overseas universities 


Directors of MOE’s key laboratories, Sanjin Scholars, 
Provincial 100 Talents, Yangtze River youth scholars, 
Winners of national outstanding youth fund, Associate 
professors of overseas high-level universities, Profes- 
sors of 985 project universities or leaders the NNSF of 
China 


Associate professors of 985 project university, Profes- 
sors of 211 project university, Winners of national 100 


excellent doctoral dissertations, Sanjin youth scholars, 
Youth 100 talents of Shanxi, Doctoral supervisors 


Postdoctoral fellows or Ph. D. graduates of top over- 
seas universities or institutions (THE top 200 univer- 
sities, or ESI top 1% disciplines) who have published 
papers at the SCI(JCR Q1), SSCI, A&HCI journals or 
highly cited papers 


Ph. D. graduate students of famous overseas universi- 
ties (THE top 400 universities) 


47.92.163.91:8088/newszpw/show-1136.aspx 


Case-by-case negotiation 


Annual salary: ¥800,000-1,200,000 for full-tim- 
ers; mutually-agreed salary for short-termers; 
Family allowance: ¥1,000,000; 

Scientific research start-up funds: 
¥2,000,000-5,000,000 


Annual salary: ¥400,000-800,000 for full-tim- 
ers, mutually-agreed salary for short-termers; 
Family allowance: ¥700,000 

Scientific research start-up funds: 
¥1,000,000-3,000,000 


Annual salary: ¥200,000-400,000 for full-time, 
mutually-agreed salary for short-term; 
Family allowance: ¥500,000; 

Scientific research start-up funds: 
¥500,000-1,500,000 


Monthly salary: +¥8500; 

Family allowance: ¥400,000; 
Scientific research start-up funds: 
¥200,000-500,000 


Monthly salary: +¥7000; 

Family allowance: ¥150,000-400,000; 
Scientific research start-up funds: 
¥50,000-120,000 


Annual salary: ¥200,000 


Applicants are requested to submit their CVs, along with other corresponding materials, 
at http://47.92.163.91:8088/indexzpw.aspx. 


RECRUITME Th sa , ? : 


Welcome back to hometown. 
Thousands of academic job vacancies are in fast-developing China. 


On-the-spot Recruitment in UK 
Dec. 10, 2019 Imperial College London 
Dec. 11,2019 Queen Mary University of London 


On-the-spot Recruitment in France 
Dec. 14, 2019 Pierre and Marie Curie University 
Dec. 15, 2019 Université Paris-Sud 


Participating Universities 

Jiangsu Normal University 

Xuzhou Medical University 

Shanghai Institute of Technology 

The First Affiliated Hospital of Jinan University 
Notheastern University Sean the QR code to apply 
Shanghai University of Electric Power JonU RSF range Joblralt 


Online Job Fair 
Dec. 21, 2019(GTM+8) www.edu.cn/cv 


Participating Universities 

Shanghai University of Political Science and Law 
Shanghai International Studies University 
Nanchang University, Xi'an Technological University 
Inner Mongolia University of Technology - oe: y 
Hanes Mongolia University of Finance and Economics 
L ’ pc's of Technology and Business 


Scanthe QR code to 
apply for Online Job Fair 


walfication for Applicants 
ee Doctor and Post-docto 


Participating Approach oe 
Please send your CV to consultant@acabridge.edu: ei fore 


“ty 
on-the-spot Recruitment in UK and France and Onlined) of Galle 
» lf ik ¢ 
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Job'VacanciesjinChina's ‘Universities ant Fistitutes' a 
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OPPORTUNITIES IN CHINA 
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Nostalgia, 

is like an ocean, 

lam here, 

the family is over there. 


Thousands of reasons 
to stay abroad, 

but one decision to 
return to the roots. 
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Jiangxi University of Science and Technology 
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Tianjin Normal University 
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Shandong First Medical University & Shandong Academy of Medical S 


Ohio State’s Pelotonia Institute for Immuno-Oncology 
Seeks Multiple Tenure-Track Faculty Positions 


The Ohio State University Comprehensive Cancer Center — 
Arthur G. James Cancer Hospital and Richard J. Solove Research 
Institute (OQSUCCC — James) is seeking experienced tenure- 
track faculty (basic as well as clinical researchers) to work in the 
recently announced Pelotonia Institute for Immuno-Oncology 
(PIO) in the following research areas: 


+ T-cell biology 
+ Innate immunity and inflammation 


+ Immune regulation and tolerance 


+ Cell therapy, synthetic immunology, immunogenomics 
and cancer vaccines 


+ Translational and clinical immuno-oncology (lO) 
«Immune monitoring and discovery 


Led by founding director and renowned immunologist Zihai Li, 
MD, PhD, the PIIO (cancer.osu.edu/PIIO) is a comprehensive 
bench-to-bedside research initiative and represents Ohio State’s 
commitment to grow the exciting area of immuno-oncology. 


The OSUCCC — James (cancer.osu.edu) is a National Cancer 
Institute (NCI)-designated comprehensive cancer center and is 
rated “Exceptional,” the highest rating given to cancer centers by 


the NCI; is one of only a few centers funded by the NCI to conduct 
phase | and Il clinical trials on novel anticancer drugs; and includes 
the third-largest freestanding cancer hospital in the country. 


Candidates will have access to state-of-the-art laboratory spaces, 
cutting-edge core research facilities, a competitive salary and 
start-up funding. Applicants must hold advanced degrees, such as 
an MD, DVM, PharmD, PhD or MD/PhD. The successful candidate 
is expected to maintain an extramurally funded research program, 
perform collaborative research, participate in graduate and 
medical education, be board-certified and meet medical licensure 
requirements in Ohio if also pursuing a clinical position. Located 
in Columbus, Ohio (go.osu.edu/whycolumbus), The Ohio State 
University is an EOE/AA/M/F/D/V employer. 


Send cover letter, CV, 2-3 page description of current and future 
research interests and contact information for three references 
via email to Tamra Brooks at tamra.brooks@osumc.edu. 


Applications will be accepted until the positions are filled. 


The James 


THE OHIO STATE UNIVERSITY 
COMPREHENSIVE CANCER CENTER 


LSU Health 


NEW ORLEANS 


School of Medicine 


FACULTY POSITION 
Department of Microbiology, Immunology and Parasitology 


The Department of Microbiology, Immunology and Parasitology in the School 
of Medicine at LSU Health Sciences Center in New Orleans, LA invites appli- 
cations for a full-time, tenure-track position in Bacteriology or Virology at the 
academic rank of Assistant or Associate Professor. Applicants should hold a 
Ph.D., M.D. or equivalent degree. Special consideration will be given to candi- 
dates with outstanding records of research accomplishment in bacterial or viral 
genomics, host:pathogen interactions, vaccine development, or microbiomes, 
who complement existing research strengths in Chlamydia/STI’s, mycobacte- 
ria and HIV infection. The Department has a highly interactive faculty in the 
disciplines of bacteriology, virology, mycology, parasitology, and immunology. 
Information on the department can be viewed at: http://www.medschool.lsuhsc. 
edu/microbiology/. The appointee will be expected to maintain an active, extra- 
murally funded research program, engage in collaborative research efforts, serve 
on institutional and peer-review committees, mentor PhD and MD/PhD graduate 
students and postdoctoral fellows, and participate in graduate and undergraduate 
teaching programs. Collaborative opportunities are available for interaction 
with researchers in basic science and clinical departments, and in Centers of 
Excellence at the University, who engage in microbiology, immunology and 
genome research. This position is supported by state-of-the-art infrastructure, 
including core laboratories in genomics, proteomics, bioinformatics, imaging, 
flow cytometry, and a BSL-3 facility. The successful candidate will have signif- 
icant laboratory space, a competitive salary, and an excellent start-up package 
commensurate with qualifications and experience. LSUHSC encourages women 
and minority candidates to submit applications for this position. 


Applicants should submit their curriculum vitae that includes previous and 
current research support, teaching experience, a statement of research plans, 
e-prints of three representative publications, and the complete contact informa- 
tion of three professional references via the LSUHSC career portal at http:// 
Isuhsc.peopleadmin.com/postings/6501. 


LSU Health is an Equal Opportunity Employer for females, minorities, 
individuals with disabilities and protected veterans. 


UCONN 


HEALTH 


RESEARCH SCIENTIST 
DEPARTMENT OF ORTHOPAEDIC SURGERY 


The Department of Orthopaedic Surgery within the UConn 
Musculoskeletal Institute invites applications for a tenure track 
position at the Assistant or Associate Professor level as a research 
scientist. Outstanding individuals working in skeletal cell biology 
and wanting to make a difference in the field of musculoskeletal 
research are encouraged to apply. A Ph.D. or an M.D. degree is 
required. Candidates’ research should be aimed at addressing 
fundamental questions related to cellular, molecular or physiological 
mechanisms of the skeletal system. We are particularly interested 
in individuals currently funded by the National Institutes of Health. 
The University of Connecticut School of Medicine has a highly 
interactive research environment in musculoskeletal biology with 
interdisciplinary graduate and medical science training programs. 
The Musculoskeletal Institute offers a collegial environment and 
houses investigators working in various aspects of skeletal cell 
biology and biomechanics of bone. Appropriate laboratory space 
and a start-up package will be offered. 


Applicants should submit a letter, curriculum vitae and research 
plan as well as the names (with addresses and email addresses) 
of at least three references. Information should be submitted via 
this website https://jobs.uchc.edu/CSS_External/CSSPage_ 
Welcome.asp. Search number 2017-1229. 


UConn Health is an affirmative action employer, in addition to an 
EEO and M/F/V/PWD/PV employer. 


online @sciencecareers.org 


4) 
$ 
= 
i] 
a) 
SS 
eS) 
= 
5 
=) 
et 
Fp} 


online @sciencecareers.org 


ence Careers 


Northeastern University 
College of Engineering 


With 185 tenured/tenure-track faculty (over 

90 hired since 2012), and 17 multidisciplinary 
research centers and institutes, with funding by 
eight federal agencies, Northeastern’s College of 
Engineering is in a period of dynamic growth. Our 
emphasis on interdisciplinary, transformative 
and innovative research—tied to Northeastern’s 
unique history of industry collaboration through 
the university’s signature cooperative education 
program—enables partnerships with academic 
institutions, medical research centers, and 
companies near our centrally located Boston 
campus and around the globe. 


The college seeks outstanding faculty 
candidates across engineering disciplines. 


Consideration will be given to candidates at the 
assistant, associate, and full professor levels; 
successful applicants will lead internationally 
recognized research programs aligned 

with one or more of the college’s strategic 
research initiatives. 


Learn more and apply at 
coe.northeastern.edu/faculty-hiring 


Northeastern University is an equal opportunity employer, seeking to recruit 
and support a broadly diverse community of faculty and staff. Northeastern 
values and celebrates diversity in all its forms and strives to foster an 
inclusive culture built on respect that affirms inter-group relations and 
builds cohesion. 

All qualified applicants are encouraged to apply and will receive 
consideration for employment without regard to race, religion, color, 
national origin, age, sex, sexual orientation, disability status, or any other 
characteristic protected by applicable law. 

To learn more about Northeastern University’s commitment and support of 
diversity and inclusion, please see northeastern.edu/diversity. 


‘The University of Georgia 


Postdoctoral Associate 
in 
Trypanosome Biology and 
Drug Discovery 


A position in molecular cell biology 
(protein kinases or endocytosis or 
kinetoplast biogenesis), molecular 
pharmacology, and drug discovery in 
Trypanosoma brucei is available in 
the laboratory of Kojo Mensa-Wilmot 
at the University of Georgia. A PhD in 
molecular or cell biology is required. 


Applicants should submit a curriculum 
vitae, and research/career goals (less 
than 4 pages) at: 
https://www.ugajobsearch.com/ 
postings/126286 


Two confidential letters of 
recommendation are required, 
and applicants should list contact 
information of referees in their 
application. 
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myIDP: 
A career plan customized 
for you, by you. 
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For your career in science, there’s only one Science 


Features in myIDP include: 
= Exercises to help you examine your skills, interests, and values. 


= Alist of 20 scientific career paths with a prediction of which 
ones best fit your skills and interests. 


= A tool for setting strategic goals for the coming year, with 
optional reminders to keep you on track. 


= Articles and resources to guide you through the process. 


Options to save materials online and print them for further 
review and discussion. 


Ability to select which portion of your IDP you wish to share with 
advisors, mentors, or others. 


A certificate of completion for users that finish myIDP. 


& ID Visit the website and start planning today! 
my J myIDP.sciencecareers.org 
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HUNGARY WELCOMES 
LEADING RESEARCHERS 


The National’Research, Development 
and Innovation Office of Hungary 
is committed to support science and innovation. 


Rey e A a 


With our latest call for proposals called 

“FRONTLINE RESEARCH EXCELLENCE PROGRAMME” 
we invite excellent researchers of any nationality 

to conduct their projects at a Hungarian host institution. 


* Up to EUR 910,000 funding per project 
for the next five years, in any field of science 


* Selection criteria is based on high international standards 
¢ Submission deadline: December 17, 2019 


For further details and conditions, please visit: {NATIONAL 
RESEARCH, DEVELOPMENT 


https: //nkfih.gov.hu/frontline BK AND INNOVATION OFFICE 


Science Careers’ annual survey reveals the top 
companies in biotech & pharma voted on by 


Science readers. 
Read the article and employer profiles and listen 
to podcasts at 
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The Austrian Academy of Sciences (OeAW), Austria’s central non- 
university research and science institution, seeks to appoint a new 


DIRECTOR (F*M) at the Space Research Institute. 


The statutory mission of the Austrian Academy of Sciences (OeAW) 
is to “promote science in every aspect” by operating a total number 
of 28 research institutes, which are engaged in innovative research 
of international standing in a variety of disciplines. 


The Space Research Institute (Institut fiir Weltraumforschung, 
IWF; www.iwf.oeaw.ac.at) in Graz is one of the largest research 
institutes of the OeAW. The long-lasting basic research focus of 
the IWF concentrates on the physics of space plasmas, planetary 
atmospheres and (exo-)planets. With its about 100 qualified and 
experienced scientists and engineers from 20 different nations, the 
IWF develops and builds space-qualified instruments and analyzes 
and interprets the data returned by them. Its core engineering 
expertise is in building magnetometers and on-board computers, 
as well as in satellite laser ranging. In terms of science, the institute 
focuses on dynamical processes in space plasma physics and on the 
upper atmospheres of planets and exoplanets. 


The institute is involved in numerous international space missions 
led by the European Space Agency (ESA), NASA, or national space 
agencies in Japan, Russia, China, and South Korea. The missions 
cover fleets of satellites in near-Earth space, the observation of the 
Sun, and the exploration of planets such as Mercury, Jupiter, and 
extrasolar planets. From building the instruments to analyzing 
their data, these projects last 10-30 years. 


The IWF has a basic funding by the OeAW, and additional national 
and international third-party funding for designated research pro- 
jects. The institute offers a world-class scientific and collaborative 
research environment for space science and is supported by skilled 
in-house administrative and technical staff. 


The OeAW now seeks to appoint a strong and ambitious personality 
with an outstanding scientific track record in at least one of the 
relevant research fields. The ideal candidate is expected to have 
strong scientific leadership and management qualities and to be 
well connected within the international scientific community. The 
success of the candidate’s research should also be reflected in peer- 
reviewed third-party funding. The OeAW is confident to appoint a 
future director who wants to continue his/her cutting edge research 
strategy and activities at the IWF. 


We offer an attractive recruitment package that includes an inter- 
nationally competitive salary and a substantial annual research 
budget (personnel, consumables, investments). 


The term of appointment is initially limited to 5 years with a possible 
extension, depending on external review. The OeAW strives for 
gender equity and strongly encourages applications from women. 


Qualified candidates are encouraged to apply and submit a 

detailed application to Anton Zeilinger, President of the Austrian 

Academy of Sciences, at IWF.search.director@oeaw.ac.at, 

containing: 

> Curriculum vitae 

> Publication list with copies of the five most important 
publications 

> Overview of recent research and funding activities 

> Concept for the strategic development of IWF 


Closing date for applications: December 31, 2019 
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WORKING LIFE 


By Jeff Clark 


918 


An escape into fiction 


arrived home from work, my mind racing. I was scheduled to perform an experiment using a 
pricey piece of equipment—one that I’d be unlikely to gain much access to again during my 
Ph.D.—and I needed it to go flawlessly. “Will the x-rays transmit correctly?” I wondered. “What’s 
my backup plan if things go wrong?” I had spent the whole day fretting about the experiment, and 
I wanted to shut off my anxious thoughts. So after dinner, I made a cup of hot chocolate, curled up 
on my sofa, and cracked open a novel I’d been reading. Almost immediately, my mind left behind 
the details of experimental design and parachuted into a land of dzemons, magic dust, and armored 


bears. It was exactly what I needed. 


Growing up, I was a voracious 
reader but never a big fan of nov- 
els. My classmates would rave 
about the latest Harry Potter book, 
while my copy sat collecting dust 
on a shelf. I saw those kinds of 
books as a waste of time. “Why 
read a made-up story when I could 
read a book that actually teaches 
me something?” I reasoned. 

As an undergraduate, keen to 
learn something at every oppor- 
tunity, I would reject typical holi- 
day reads in favor of educational 
books. On a trip to Portugal, my 
friends took turns reading a Dan 
Brown mystery novel. Meanwhile, 
I couldn’t put down a Malcolm 
Gladwell book that took a deep dive 
into social science research. 

After I started graduate school, 
though, that approach to extra- 
curricular reading didn’t work for me anymore. I spent 
my time on campus digesting research papers and 
textbooks—trying to become an expert in my field—and 
my mind couldn’t handle processing fact-filled nonfiction 
books at home, too. I knew that I needed to find a way to 
enjoy reading again. 

My partner had a bookcase full of novels, so I figured, 
“Why not try fiction?” To help me stick with it, I made 
a New Year’s resolution: I would read two fiction books 
per month for the entire year. The result was an almost 
instantaneous appreciation of fiction, along with many 
unintended consequences—including ones that have ben- 
efited my work. 

What surprised me the most was how much I learned. 
Some of the best books I read were historical fiction— 
fictional stories that take place in a realistic historical 
setting. I learned about life in Afghanistan and Ghana, as 
well as struggles people there faced during difficult periods 


“When I’m engrossed in a good 
book, ! can temporarily switch off 
and explore a different world.” 


in those countries’ histories. The 
books have helped me build em- 
pathy and understanding, with 
an unexpected side benefit: I’ve 
started to think more deeply about 
inclusion and diversity issues in 
the scientific community. 

My foray into fiction also intro- 
duced me to new writing styles. 
The no-frills prose that’s typical 
of journal articles doesn’t always 
make for compelling reading. Sci- 
entific authors, it seems, often as- 
sume that interest in the science 
will be enough to hold the reader’s 
attention. Fiction authors don’t 
have that luxury, so they work hard 
to build intrigue and draw out a 
compelling story arc—concepts 
that I’ve begun to implement when 
presenting my science in written 
form and in talks. I now aim to 
keep my readers and audience members engaged by lay- 
ing out a dynamic story, taking care to clearly describe 
the context of my research and to eliminate potentially 
confusing details. 

Beyond those benefits, I’ve discovered that reading fic- 
tion is good for my mental health. Life as a grad student 
is taxing, and it’s often difficult to distance yourself from 
work, with the day’s worries stealthily following you home. 
But when I’m engrossed in a good book, I can temporarily 
switch off and explore a different world. It’s an excellent 
way to gain distance from stress so that I can rejuvenate 
myself and regain energy for my work. 

So, if you haven’t done so already, give fiction a try. 
You'll be surprised how much it brings to your life. 


Jeff Clark is a Ph.D. candidate at Imperial College London. 
Do you have an interesting career story to share? Send it to 
SciCareerEditor@aaas.org. 
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